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Abstract
The purpose of this Master’s thesis is to investigate linear, aeolian deposits termed “sand
stringers” located within western Wisconsin and southeastern Minnesota. Previous research has
investigated their spatial distribution, and to a minor extent, their composition and absolute age.
However, further sedimentological and absolute age data are needed from a greater distribution
of sand stringers to understand their formation and depositional chronology. To build on
previous research we 1) remotely mapped the spatial distribution and orientation of sand
stringers in western Wisconsin and southeastern Minnesota, 2) collected absolute age data using
optically stimulated luminescence (OSL) from four stringers in western Wisconsin, 3) collected
ground penetrating radar (GPR) data from a single stringer in Eau Claire County, and 4)
described soil auger profiles from the Eau Claire County sand stringer (ECC). The remote
mapping identified 246 potential stringers, with 91% orientated WNW-ESE. The sand stringer
distribution is likely controlled by fetch and proximity to sediment sources, and orientation and
previous studies suggest WNW winds formed sand stringers in our study area. OSL ages ranged
from ~12.9 ka to ~8.9 ka and indicate deposition roughly corresponding to the PleistoceneHolocene Transition. GPR surveys revealed sub-parallel and slightly undulating stratigraphy
similar to that of sand sheets. Soil augering revealed two distinct units consisting of a lower
coarse sand unit interpreted as glacial outwash, a middle unit of fine to medium sand interpreted
as aeolian sand, and unknown upper material composed of fine sand and silt.
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Chapter 1

1.0 Introduction
A variety of aeolian deposits and landforms (e.g. loess, sand sheets, parabolic dunes,
cliff-top dunes, sand ramps, climbing dunes, dune dammed drainages, linear dunes/sand
stringers) have been identified immediately south of the Last Glacial Maximum boundary (LGM;
26.5 to 19 ka; Clark et al. 2009), particularly within the western Great Lakes region (Figure 1)
(Mason et al. 1999; Zanner 1999; Rawling et al. 2008; Hanson 2015; Mason 2015; Schaetzl et al.
2018). Strong regional winds and a cold and dry periglacial environment during the Late
Pleistocene has been suggested to facilitate aeolian deposition in this region (Mason et al. 1999;
Zanner 1999; Schaetzl et al. 2018). Research focused on aeolian processes provides us with
understanding of present and past wind directions and intensities, and environmental and
climatic conditions (Mason et al. 2014; Zanner 1999; Pye and Tsoar 2008; Vader et al. 2012;
Schaetzl et al. 2014; Schaetzl et al. 2018). These deposits and landforms are significant because
they allow researchers to understand paleowinds and paleoenvironmental change during and
following the LGM.
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Figure 1. The western Great Lakes region includes the U.S. states of Minnesota, Wisconsin,
and Michigan. An abundance of aeolian deposits have been identified south of the LGM ice
sheet extent within this region (e.g. loess, sand sheets, parabolic dunes, cliff-top dunes, sand
ramps, climbing dunes, dune dammed drainages, linear dunes/sand stringers) (Mason et al.
1999; Zanner 1999; Rawling et al. 2008; Hanson 2015; Mason 2015; Schaetzl et al. 2018).
Studying these deposits and landforms allows researchers to understand paleowinds and
paleoenvironmental change during and following the LGM.

Previous studies of aeolian processes in the northern Great Lakes region of the United
States, suggest an easterly wind regime during the LGM, driven by a glacial anticyclone over the
Laurentide Ice Sheet (LIS) (Hobbs 1943; David 1981; Kutsbach and Guetter 1986; Bartlein et al.
1998; Krist and Schaetzl 2001; Bromich et al. 2004; Vader et al. 2012; Schaetzl et al. 2016).
Atmospheric paleocirculation models of North America during the LGM have consistently
produced a glacial anticyclone over the LIS as well (Kutzbach and Guetter 1986; Bartlein et al.
1998; Bromich et al. 2004). A northern hemispheric glacial anticyclone develops as a result of a
cold, high-pressure air mass forming over the ice sheet with winds flowing in a clockwise
rotation outward towards areas of lower pressure. The movement of air and the roughly E-W
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orientation of the LIS margin near the Great Lakes likely facilitated easterly wind flow at a
latitude that normally experiences westerly winds (Schaetzl et al. 2016).
In contrast, studies of aeolian deposits in the western Great Lakes region suggest a
westerly wind regime during the LGM (Bryson, Baerreis and Wendland 1970; Grigal et al. 1976;
Handy 1976; Follmer et al. 1978; Mason 1992; Mason et al. 1994; Mason et al. 1999; Zanner
1999; Arbogast et al. 2010; Jacobs, Mason and Hanson 2011; Schaetzl and Attig 2013; Schaetzl,
Forman and Attig 2014; Mason 2015; Schaetzl et al. 2018; Millett et al. 2018). Beyond the LGM
margin in western Wisconsin and southeastern Minnesota, aeolian deposits have been identified
in soil surveys and surficial geologic maps for over 100 years (Weidman 1911; Farnha 1958;
Thomas 1962; Wing and Murray 1975; Poch 1976; Hobbs and Goebel 1982; Carlson 1989;
Hobbs 1995; Thomas 1977; Meyer and Knaeble 1998; Meyer 2004). Recently, a variety of
distinct aeolian landforms were identified utilizing newly acquired LiDAR digital elevation
models (Schaetzl et al. 2018; Millett et al. 2018).
In western Wisconsin, Schaetzl et al. (2018) identified subtle, sandy linear aeolian
landforms that he termed “linear dunes.” However, the linear dunes identified in western
Wisconsin have a similar morphology and orientation to sandy linear aeolian landforms
identified in southeastern Minnesota, northeastern Iowa, northern Illinois, and southeastern
South Dakota termed “sand stringers” (Zanner 1999; Koch 2004). Presently, the age, landform
genesis, and paleoenvironmental significance of these landforms remains ambiguous. Thus, I
focus my thesis on the spatial distribution, orientation, and chronology of sand stringers (Zanner
1999; Schaetzl et al. 2018).
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1.2. Linear Dunes and Sand Stringers
The genesis and paleoenvironmental significance of linear aeolian forms identified
throughout western Wisconsin and southeastern Minnesota remains ambiguous. This ambiguity
is further exacerbated by prior researchers calling these landforms by different genetic and
morphologic terminology. Schaetzl et al. (2018) identified dozens of linear aeolian landforms
throughout western Wisconsin and termed them “linear dunes.” Zanner (1999) identified
morphologically similar landforms in southeastern Minnesota and termed them “sand stringers.”
Linear dunes have numerous process models described in the literature (Tsaor, 1989), but similar
models for sand stringer formation do not exist. Given the relatively similar morphologic
characteristics of sand stringers to other linear aeolian landforms, a discussion of the literature
describing linear bodies of sand is necessary to differentiate these landforms and to better
understand linear aeolian landforms, which are ubiquitous in western Wisconsin and
southeastern Minnesota (Schaetzl et al. 2018; Millett et al. 2018; Marcou et al. 2019). The
following sections discuss the classification of bodies of sand, their morphologies and formative
processes as described in the literature.

1.2.1. Sand Bodies
Formation of dune fields are facilitated by the availability of sediment for transport by
wind and the transport capacity of the wind (Kocurek and Lancaster 1999). Development of
aeolian dunes is determined by interactions among dune morphology, vegetation, sediment
transport rates, and air-flow (Kocurek and Lancaster 1999). Dunes can occur with a variety of
morphologies, which reflect the surface wind regime and characteristics of the sediment (Pye and
Tsoar 2008).
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Sand dunes can be classified as either simple, compound, or complex (McKee 1979).
Simple dunes are characterized by a single dune form and are classified based on their
morphology and number of slip faces (Table 1). Simple dunes reflect the factors of their
depositional environment that influence their form, including wind strength and direction, sand
supply, vegetation, and physical barriers (McKee 1979). Compound dunes are a combination of
two or more of the same type of simple dune that are combined by overlap or superimposition.
Complex dunes are a combination of two or more types of simple dunes that have overlapped or
grown together. Since the focus of this review is on sand stringers, a simple dune type, the
discussion will focus on classifying and differentiating different types of simple dunes.
Table 1. Classification system of simple dune forms used by McKee (1979). Simple dunes are
characterized by a single dune form and are classified based on their morphology and number
of slip faces (Modified from McKee 1979). Sand stringers are classified as simple dunes,
therefore, we use this classification system to discuss similar aeolian landforms.

None

Name used in
ground study of
form, slipface,
and internal
structure
Sheet

Name used in
space-imagery
and air-photo
study of pattern
and morphology
Sheet

None

Stringer

Streak

None

Dome

Dome-shaped

1

Barchan

Barchan

1

Barchanoid Ridge

Barchanoid Ridge

1

Transverse Ridge

Barchanoid Ridge

1 or more

Blowout

Not Recognized

1 or more

Parabolic

Parabolic

Form

Number of
Slipfaces

Sheet-like with
broad flat surface
Thin, elongate
strip
Circular or
elliptical mound
Crescent in
planview
Row of connected
crescents in
planview
Asymmetrical
ridge
Circular rim of
depression
“U” shape in
planview
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1.1.2. Sand Sheets
Sand stringers were first interpreted by McKee (1979) as a type of linear sand sheet. Sand
sheets are defined as areas consisting of predominantly aeolian sand that lack dunes with
slipfaces (Pye and Tsoar 2008). They can cover small areas consisting of a few square
kilometers, or encompass a regional landscape >100,000 square kilometers (Pye and Tsoar
2008). Often, sand sheets form on the margin of dune fields, acting as a transitional surface from
aeolian facies to non-aeolian facies (Fryberger et al. 1979). The surface of sand sheets is highly
variable, as they may be rippled, undulating, or irregular (Pye and Tsoar 2008). Their surfaces
may also contain transverse ridges lacking slipfaces, called zibars. Their stratigraphy is
composed of low to moderate angle (0-20 degrees) planar strata (Fryberger et al. 1979).
Factors that facilitate sand sheet formation include an abundant sediment supply, absence
of topographic barriers, lack of vegetation, and high wind energy for sediment transport (Kasse
2002). Fryberger et al. (1979) suggested that sand sheets on the margin of dune fields form due
to a deceleration of wind from the dune field obstructing the normal airflow. Complex or
bimodal wind regimes may facilitate the sheet like morphology by encouraging uniform
spreading of sand (Fryberger et al. 1979). Coarse sand on the surface of sand sheets can act as
armor, preventing sand from being mobilized and forming dunes.
1.1.3. Zibars
Nielson and Kocurek (1986) describe zibars as coarse-grained, linear aeolian bedforms
that form on the surface of sand sheets (Figure 2). Pye and Tsoar (2008) describe zibars as longwavelength and low amplitude migrating bedforms that lack slipfaces, and have surfaces usually
covered by ripples or mega ripples. Dimensions of zibars are reported to range from 1-20 m in
length and 2-7 m in height (Warren 2013).
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Figure 2. Zibars are coarse-grained, low-relief linear aeolian landforms, often found in the
corridors of linear dunes. The red box depicts zibars of the Tenere Desert, Niger, Africa.
Zibars are hypothesized to form from the winnowing of finer grains from the sand body
leaving only the coarse grains. The coarse grains of the sand body are large enough to
remain in place and form dune crests (Przyborski 2008).
Zibars and sand sheets are the most common aeolian deposits of the world’s dune fields
(Warren 2013; Qian et al. 2014). Generally, zibars develop on the upwind margins of arid deserts
and are often found in corridors in-between linear dunes (Qian et al. 2014). Although most
commonly found in arid and hyperarid climates, zibars have been reported in the humid-climate
coastal dunes of Brazil as well (Warren 2013). Zibars differ from other aeolian deposits because
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they are composed almost entirely of coarser-grained sediment (Qian et al. 2014). Their coarsegrained sediment helps prevent erosion and transport by armoring the surfaces of zibars.

1.1.4. Linear Dunes
Linear dunes are the most common dune type found in the world’s major dune fields.
However, the formation of linear dunes is the least understood (McKee 1979; Lancaster 1982;
Tsoar 1983; Bristow et al. 2000). Linear dunes are described as parallel and straight ridges with
two slip faces, one on each side of the long axis (Figure 3) (Breed and Grow 1979; McKee
1979). They can range from 1-20 km in length, and 1-20 m in height (Lancaster 1982). To date,
multiple hypotheses have been proposed pertaining to the formation of linear dunes, including:
1) a bimodal wind regime; 2) a unimodal wind regime; and 3) sediment stabilization facilitating
downwind deposition (Pye and Tsoar 2008; Rubin and Hesp 2009). A substantial amount of
evidence exists supporting linear dune formation by a bimodal wind regime (McKee 1982; Tsoar
1983; Bristow et al. 2000). In a bimodal wind regime, linear dunes form parallel to the resultant
direction of the two wind directions (Lancaster 1982). Each wind direction can be thought of as a
vector component, and the dune crest orientation is the resulting sum of the two vectors. The
deflection of oblique winds on the lee side of the dune causes elongation of the form (Tsoar
1983). Where winds are at an optimal angle for lee-side deflection, dunes extend at a greater rate
and have a low profile (Tsoar 1983).
In a unimodal wind regime, linear dunes form by obstructions (i.e. vegetation or rock)
reducing wind velocity and causing transported sediment to be deposited on the lee side of the
obstruction (Lancaster 1982). By this process, linear dunes develop downwind of obstacles, with
crests orientated parallel to the unimodal wind regime. The parallelism of the dune to the
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dominant wind direction is hypothesized to result from roller vertices by which helicoidal flow
brings sand from the interdune area to the dune (Wilson 1972). However, evidence to support
this model is sparse (Tseo 1990). Tsoar (1983) argues that linear dunes are not stable in
unimodal wind regimes due to erosion and deposition being concentrated in the same area.

Figure 3. Linear dunes display straight ridges with parallel crests and morphologies
ranging from 1-20 km in length, and 1-20 m in height (Lancaster 1982; Rubin and Hesp
2009). The red box depicts linear dunes identified in the Sahara Desert, Africa. The
formation of linear dunes is still debated. Hypotheses of formation include a bi-modal
wind regime, a uni-modal wind regime, or stabilization of the sand body that acts as an
obstruction and facilitates dune growth down-wind of the body.
Rubin and Hesp (2009) propose a third process of linear dune formation that is based on
sediment characteristics rather than wind regime. Using an example from the Qaidam Basin in
China, Rubin and Hesp (2009) describe linear dunes forming from sediment stabilized by mud
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and salt acting as obstructions (similar to the uni-modal wind regime process). In their model,
linear dunes continue to grow on the lee side of previously stabilized sediment as wind velocity
is reduced and sediment is deposited.
Linear dune types have been classified based on their form as well as their formative
process described above. Price (1950) recognized differences in types of linear dunes and
proposed subtypes based on wind regime, sand supply, and vegetation cover. McKee (1979) and
Lancaster (1982) classified linear dunes into groups of forms being simple, compound, and
complex. Tsoar (1989) divided simple linear dunes into three subtypes including lee dunes,
vegetated-linear dunes, and seif dunes. Each subtype differs by genesis (Tsoar 1989). Lee dunes
form from sand accumulating on the lee side of obstacles such as boulders or cliffs from a
unimodal wind regime. They have a well-defined crest and their size is proportional to the
obstacle that initiated their formation. Vegetated-linear dunes have a more rounded profile than
lee dunes or seif dunes. They range in height from a few meters to tens of meters and are
generally partially or wholly covered by vegetation. Unlike seif dunes, vegetated-linear dunes are
known to converge in a Y-formation and then continue to grow as a single ridge. Seif dunes are
absent of vegetation and have prominent sharp crests. They differ from lee dunes because they
form independently of obstacles, and are the only type of linear dune that forms from a bimodal
wind regime.

1.1.5. Paha
Paha are elongated linear landforms predominantly composed of loess (McGee 1890;
Scholtes and Smith 1950; Iannicelli 2010). Although their composition differs from previously
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described aeolian landforms, they have similar morphology, orientation, and spatial distribution
as sand stringers found in the upper Midwest. Paha have been described as either a glacial till or
bedrock nucleus capped by loess (Scholtes 1951; Iannicelli 2010). Paha studied in Iowa and
Illinois have dimensions of 12 km in length, 2 km in width, and 12 to 36 m in height (Iannicelli
2010). Two hypotheses for the formation of paha have been discussed over the past century
(McGee 1890; Scholtes and Smith 1950; Scholtes 1951; Iannicelli 2000; Iannicelli 2003;
Iannicelli 2010). A fluvial origin was originally proposed by McGee (1890), which hypothesized
that glacial mud filled in crevasses in ice sheets. Following melting of the ice sheet, glacial mud
that filled the crevasses remained and assumed the linear form and composition of paha (McGee
1890). Scholtes and Smith (1950) and Scholtes (1951) hypothesized an aeolian origin and
proposed that aggregates of silt and clay were large enough to be moved by saltation rather than
suspension. Iannicelli (2000) hypothesized a new fluvial theory that suggested that paha were
remnants of interstream or interfluve deposits that were carved out by glacial meltwater.
Iannicelli (2003) supported this theory by finding analogs of paha in Devon’s Island, Canada,
suggesting that commonly orientated valleys allow stream interfluves to connect, thus leading to
the large linear shape of paha.

1.1.6. Sand Stringers
Sand stringers have received sparse attention in the past few decades. McKee (1979) was
the first to term these linear deposits “sand stringers”, or “sand streaks” when identified in aerial
imagery. McKee (1979) identified sand stringers in African and Asian ergs through satellite
imagery, noting that they generally form on the margins of sand sheets (Figure 4). Although sand
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stringers have a linear morphology, they differ from linear dunes because of their short height (15 m), rounded profile, and undiscernible slipfaces (McKee 1979; Zanner 1999; Koch 2004).

Researchers and soil surveyors have identified and mapped sand stringers in Illinois,
Figure 4. Sand Stringers (red box) in Namibia, Africa. Sand stringers cover 15,000 square
kilometers and trend eastward from the Blyderwachterplato Plateau, Namibia to the
Molopo river valley. Sand stringers were first termed by McKee (1979) when studying
aeolian deposits in African and Arabian ergs using aerial imagery. They commonly, but not
exclusively, develop on the margins on sand sheets. McKee (1979) hypothesizes that they
are a variety of sand sheet with a string-like morphology.

Iowa, Minnesota, and South Dakota (Farnham 1958; Acker et al. 1980; Zanner 1999; Koch
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2004). The most in-depth studies of sand stringers are focused in southeastern Minnesota,
northeastern Iowa, and western Wisconsin (Figure 5) Zanner 1999; Koch 2004; Schaetzl et al.
2018; Millett et al. 2018; Marcou et al. 2019).Sand stringers identified in these states are subtle
landforms that range in size from 0.1-20 km long, 10-100 m wide, and <1-5 m high (Figure 6)
(Zanner 1999; Koch 2004; Schaetzl et al. 2018; Millett et al. 2018).

Figure 5. Sand stringer research in the western Great Lakes region has been
concentrated in western Wisconsin, southeastern Minnesota, and northeastern Iowa
(Zanner 1999; Koch 2004; Schaetzl et al. 2018; Millett et al. 2018; Marcou et al.
2019). Previous researchers have analyzed the sand stringer distribution and
orientation in the counties above. The most in depth study of a single sand stringer
was by Zanner (1999) in Fillmore County, Minnesota. More recently, Schaetzl et al.
(2018) and Millett et al. (2018) collected a minor amount of geochronologic and
sedimentologic data from sand stringers in western Wisconsin.
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Figure 6. Sand stringers in the western Great Lakes region are inconspicuous within
the landscape with dimensions of 0.1-20 km long, 10-100 m wide, and <1-5 m high
(Zanner 1999; Koch 2004; Schaetzl et al. 2018). The stringer in Dunn County, WI
(highlighted in red box in LiDAR data) appears as a gradual hill when viewing with
the naked eye. Due to the subtle nature of sand stringer morphology, using highresolution LiDAR data is a necessary first step to identify their locations within the
landscape (Photo courtesy of Dr. Mark Bowen, May 2019).
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1.2. Literature Review of Sand Stringer Research beyond the LGM Margin
The most extensive study of sand stringers beyond the LGM ice margin in the western
Great Lakes region was conducted by Zanner (1999). This study aimed to: 1) understand the
spatial distribution of sand stringers beyond the margin of the Des Moines Lobe, 2) determine
their composition and stratigraphy, and 3) to acquire geochronologic data using
thermoluminescence dating (Zanner 1999). To map sand stringers and analyze their distribution
and identify potential sites to conduct field work, soil surveys and National Resource
Conservation Service aerial photographs were utilized (Farnham 1958; Acker et al. 1980; Hobbs
and Goebel 1982; Carlson 1989; Hobbs 1995). Approximately 200 sand stringers were mapped
in Fillmore and Mower County, Minnesota, all displaying a broad NW-SE orientation (Zanner
1999).
In addition to mapping, a single stringer in Fillmore County, Minnesota, on the east side
of Canfield Creek, was the focus of field investigation. The Canfield Creek stringer is orientated
NW-SE and is about 1.7 km in length (Figure 7).
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Figure 7. The most in-depth study of a single sand stringer deposit (Canfield Creek sand
stringer, outlined by black box) was by Zanner (1999) in Fillmore County, Minnesota.
He excavated and collected thermoluminescence ages from the stringer to examine its
composition, stratigraphy, and absolute age of deposition. The stringer is 1.7 km in
length, and orientated NW-SE.

17

A backhoe was used to excavate trenches to investigate the stringer’s stratigraphy and
composition. Zanner (1999) identified 14 stratigraphic units within and beneath Canfield Creek
sand stringer (Figure 8). Five thermoluminescence dates were collected from unit 3 (Figure 8).
Ages ranged from ~14,000 years before present (YBP) for the samples collected lower in the
stratigraphy, to ~11,000 YBP for the samples in the lower stratigraphy (Table 2).
Table 2. Five thermoluminescence ages were gathered from the Canfield
Creek sand stringer in southeastern Minnesota (Zanner 1999). The ages
provide minimum ages of deposition of the sand stringer material, and
correspond with the end of the Late Pleistocene.
Sample
Label

TL 1

TL 2

TL 3

TL 4

TL 5

Depth of
Sample

81 cm

107 cm

109 cm

137 cm

150 cm

TL Age (yrs
BP)

13,700 ± 900

14,700 ± 800

13,100 ± 900

13,400 ± 700

11,200 ± 600

Thermoluminescence is no longer considered a viable geochronologic method for
geomorphological studies, and the uncertainties of this technique must be considered. Precision
of the technique ranges between 5 and 20 percent (Noller et al. 2000), and post-depositional
mixing can also be a source of error (Walker 2005). Post-depositional mixing is caused by
bioturbation, soil formation, desiccation cracks, or cryoturbation (Walker 2005). These processes
can mix grains with differing ages, thus skewing the accuracy of the age estimation (Walker
2005).
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Based on the stratigraphic units observed (Figure 8), Zanner (1999) made interpretations of the
history of deposition and paleoenvironment.

Figure 8. A simplified version of the stratigraphy of Canfield Creek sand stringer
described by Zanner (1999). Units 2 and 3 represent the main body of the sand stringer.
The stratigraphic units were determined from six excavation pits dug into the sand
stringer body (Used with permission from Millet et al. 2018).
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Units two and three represent the sand stringer body and consist of aeolian silt overlain by
aeolian sand. Unit four, directly below the sand stringer body, consists of predominantly aeolian
sand. This stratigraphic sequence suggests an earlier dry period to facilitate sand transport (unit
4), followed by a moist period where silt (lower unit 3) was deposited on damp surfaces (Zanner
1999). Following the moist period was a dry period of sand deposition (upper unit 3) with short
periods of silt deposition, likely caused by seasonal or short term climatic shifts until sand
transport (unit 2) dominated and the stringer reached its full development (Zanner 1999).
Position of the Des Moines Lobe was interpreted to have controlled the supply of silt and
influenced regional climate (Zanner 1999). However, regional climatic warming was likely more
important for sand stringer formation than the position of the lobe (Zanner 1999). Increasing
insolation, warming temperatures, and sparse vegetation during the Late Pleistocene would have
provided suitable climatic conditions for sand transport (Zanner 1999). Between 13 and 12 ka,
permafrost melting and increased moisture was interpreted to have increased based on
speleothem activity in Mystery Cave of southeastern Minnesota (Milske et al. 1983. Based on
pollen analyses, spruce trees were interpreted to be growing in the area during this time (Birks
2001). However, vegetation was likely in protected areas and areas of higher moisture such as
river valleys (Zanner 1999). The geomorphological evidence of the Zanner (1999) study suggest
from 13-12 ka the landscape of southeastern Minnesota consisted of an open environment with
tundra vegetation, bare soil, and few trees.
Building on Zanner (1999), Koch (2004) mapped sand stringers and analyzed their
distribution and orientation on the east and southeast sides of the Cedar River in Black Hawk and
Bremer Counties, Iowa. Similar to stringers identified in Minnesota by Zanner (1999), stringers
in northeastern Iowa have a distinct NW-SE orientation. These landforms range from 0.1-20 km
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long, 10-100 m wide, <1-5 m high. The regional sand stringer distribution was further
recognized by Schaetzl et al. (2018) in western Wisconsin. Utilizing aerial imagery, LiDAR
surveys, and field investigations, they mapped linear sandy aeolian landforms that they identified
as linear dunes.
Sand stringers were mapped by Millet et al. (2018) in six counties of western Wisconsin,
and two counties in southeastern Minnesota using LiDAR digital elevation models, aerial
imagery, and SSURGO data. This study mapped 615 sand stringers with 95.2 percent orientated
NW-SE and 3.2 percent orientated W-E. Marcou et al. (2019) expanded upon and refined the
mapping by Millett et al. (2018) by investigating the spatial distribution of sand stringers in the
same six counties in western Wisconsin and ten additional counties in southeastern Minnesota.
Following the remote methodology of Millett et al. (2018), they utilized LiDAR-derived DEMs,
aerial imagery, and SSURGO data. They also utilized a more conservative approach to mapping
sand stringers due to their subtle nature and the uncertainty of identifying these landforms. Their
mapping efforts identified 579 potential sand stringers between the two states (Figure 9).
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Figure 9. Sand stringers were mapped in twelve counties in southeastern Minnesota and six
counties in western Wisconsin using LiDAR digital elevation models, aerial imagery, and
SSURGO data (Marcou et al. 2019). The remote mapping effort found 579 potential sand
stringers between the two states. The mapping methodology used for this study is based off
Millett et al. (2018). Millet et al. (2018) mapped 613 potential sand stringers in six counties
in western Wisconsin, and two counties in southeastern Minnesota (Used with permission
from Marcou et al. 2019).
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1.3. Study Area – Southeastern Minnesota and western Wisconsin beyond the LGM
margin
To refine the mapping of the spatial distribution of sand stringers by Marcou et al. (2019)
we focused our mapping efforts to nine counties in southeastern Minnesota and six counties in
western Wisconsin (Figure 10). Due to our extensive study area, fieldwork was concentrated on a
single sand stringer in Eau Claire County, Wisconsin so we could intensively study the landform.

Figure 10. The study area for this project includes nine counties in southeastern Minnesota and
six counties in western Wisconsin. These counties were selected to refine the mapping of sand
stringers by Marcou et al. (2019). Marcou et al. (2019) mapped 579 potential sand stringers in
twelve counties in southeastern Minnesota and six counties in western Wisconsin.
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Southeastern Minnesota climate is classified as Dfa and Dfb as described by the Koppen
climate classification system (Rohli and Vega 2008). A Dfa climate consists of humid and mild
summers with cold winters and year-round precipitation (Rohli and Vega 2008). The Dfb climate
consists of humid and hot summers with cold winters and year-round precipitation (Rohli and
Vega 2008). Mean annual maximum and minimum daily temperatures are 12.5° C and 2.11° C ,
respectively, and receives ~84.02 cm of precipitation annually (U.S. Climate Data 2019).
Southeastern Minnesota has a variable annual wind regime. The strongest and most
consistent winds persist from September 22 to May 23 and have an average speed of 10.8 miles
per hour (Weather Spark 2020). The winds are most calm from May 23 to September 22 and
have an average speed of 8.5 miles per hour (Weather Spark 2020). The dominant wind
directions are from the north from February 15 to April 24, from the south from April
24 to November 19, and from the west from November 19 to February 15 (Weather Spark 2020).
Western Wisconsin climate is classified as Dfb as described by the Koppen climate
classification system. A Dfb climate consists of humid and warm summers, cold winters and
year-round precipitation (Rohli and Vega 2008). Mean annual maximum daily temperature for
2019 is 12.78 degrees Celsius (°C), and mean annual minimum daily temperature is 1.22 °C
(U.S. Climate Data 2019). Western Wisconsin receives approximately 788 millimeters of annual
precipitation (U.S. Climate Data 2019). Predominant wind regimes for the area are from westerly
and southerly directions (Wisconsin State Climatology Office 2009).
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1.4. Geomorphic setting of southeastern Minnesota and western Wisconsin beyond the
LGM margin
The landscape of southeastern Minnesota contains little relief, except for areas close to
rivers (Carlson 1989). The region is underlain by Paleozoic limestone and dolostone, with
occasional outcrops of St. Peter sandstone (Mossler and Book 1995). Bedrock is overlain by
Quaternary sediments (Mossler and Book 1995). Uplands are predominantly composed of silt
loams, with finer textured silty clay loams being more common in drainageways (Mossler and
Book 1995). Thick loess is found close to the Mississippi river, which also has the greatest local
relief (Mason et al. 1999). East of the area formerly covered by the Late Wisconsinan Des
Moines Lobe, there is an erosion surface with a thin loess cover (Figure 11) (Mason et al. 1999;
Zanner 1999). Glacial activity has occurred throughout southeastern Minnesota but has little
influence on the geomorphological appearance of the landscape (Mason et al. 1999). Bedrock
geology and fluvial dissection are the main controls on the appearance of the landscape (Mason
et al. 1999).
In southeastern Minnesota there is an abrupt landscape transition from an erosion surface
of pre-Illinoian glacial sediment mantled by loess less than a 1 m thick, to a thick loess zone ( >
8 m) that mantles most ridge tops (Mason et al. 1999; Zanner 1999). The nine counties of our
study area in Minnesota are within this erosion surface and thick loess region. The transition
from thin to thick loess cover represents a regional transition from a low-relief landscape that
facilitates aeolian sand transport, to a greater relief landscape that limits sand transport (Mason et
al. 1999). Potential sources of loess for the thick loess region include floodplains in areas of thin
and thick loess and Late Wisconsinan glacial outwash plains to the west (Mason et al. 1999).
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Figure 11. The landscape of southeastern Minnesota contains little relief, except for areas
close to rivers (Carlson 1989). Thick loess is found close to the Mississippi river, which
also has the greatest local relief (Mason et al. 1999). East of the area formerly covered by
the Late Wisconsinan Des Moines Lobe, there is an erosion surface with a thin loess cover
(Mason et al. 1999; Zanner 1999). The nine counties of our study area in Minnesota are
within this erosion surface and thick loess region. The transition from thin to thick loess
cover represents a regional transition from a low-relief landscape that facilitates aeolian
sand transport, to a greater relief landscape that limits sand transport (Modified from
Zanner (1999) and Mason et al. (1999).
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The landscape of the western Wisconsin is predominantly composed of dissected bedrock
uplands (Schaetzl et al. 2018). Bedrock in the upper reaches of the LCRV is composed of weak,
fine-grained Cambrian sandstone (Faulkner et al. 2016; Schaetzl et al. 2018). In the lower
reaches of the LCRV, closer to the Mississippi River valley, uplands become less steep as the
Cambrian sandstone is capped by Ordovician dolomite (Faulkner et al. 2016). Scattered across
the sandstone bedrock are aeolian deposits composed of sand and loess (Schaetzl et al. 2018).
Aeolian sands within the LCRV are scattered and subtle, making them difficult to map (Schaetzl
et al. 2018). Soils are mainly formed in sandstone residuum and have a sandy loam texture.
Loess deposits vary in thickness due to the sloping landscape’s susceptibility to erosion (Schaetzl
et al. 2018). East of the Chippewa River loess deposits are thin and discontinuous (Stanley and
Schaetzl 2011), but on stable uplands deposits can exceed 3 m in thickness (Schaetzl et al. 2018).
Aeolian deposition within the LCRV and surrounding region has been interpreted to have
occurred during the late Pleistocene in a periglacial environment (Mason et al. 1999; Zanner
1999; Rawling et al. 2008; Hanson et al. 2015; Schaetzl et al. 2018; Millett et al. 2018).
Conditions of a periglacial environment are comparable to that of a tundra, including permafrost,
sparse vegetation, and accelerated aeolian activity. Ice-wedge casts, patterned ground, loess, and
aeolian deposits within the LCRV and surrounding regions provide evidence for a former
periglacial environment (Mason et al. 1999; Zanner 1999; Clayton, Attig and Mickelson 2001;
Mason 2015; Schaetzl et al. 2018; Millett et al. 2018).

27

1.5. Great Plains and Great Lakes Paleoenvironment
Aeolian deposits are useful for understanding paleoenvironments because they are only
active under certain climatic and environmental conditions (Glennie and Singhvi 2002; Pye and
Tsoar 2008; Arbogast et al. 2010; Bowen and Johnson 2012).Thermoluminescence ages
collected from the Canfield Creek stringer suggest sand stringer formation occurred in the
western Great Lakes region during the Late Pleistocene to Pleistocene-Holocene (P-H)
Transition (Table 2) (Zanner 1999). The following discusses the paleoenvironmental conditions
of the Great Plains and Great Lakes region from Marine Isotope Stage (MIS) 2 (29-14 ka;
Rasmussen et al. 2008) to MIS 1 (14-0 ka; Hodgson et al. 2006).
Climate during MIS 2 was cold and dry, as indicated by extensive loess deposition in the
Great Plains from ~29-13 ka (Thompson et al. 1995; Mahoweld et al. 1999; Muhs et al. 2001;
Wang et al. 2003; Mason et al. 2007; Muhs et al. 2008; Bowen and Johnson 2012). Increased
loess activity has been attributed to higher wind velocities, reduced soil moisture, reduced
vegetation cover near source areas, and reduced hydrological cycles (Thompson et al. 1995;
Muhs et al. 2008). Aeolian dunes were active during the end of MIS 2, based on OSL ages from
the Nebraska sand hills (17-14 ka) (Stokes et al. 1999; Goble et al. 2004; Mason et al. 2011).
Periglacial features in Wisconsin and Minnesota are indicative of a cold and dry climate
during MIS 2. Permafrost was present in the landscape of Wisconsin from ~25-14 ka, evidenced
by ice wedge casts and tundra vegetation (Clayton et al. 2001). Ice wedge casts in North America
are estimated to have formed between 22-14 ka (Pewe 1983). Hundreds of ice wedge casts have
been found in the Driftless Area of Wisconsin (Black 1965), and periglacial features have been
found in southeastern Minnesota as well (Nater 1992).
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Spruce and pine forest were interpreted to have been widespread across the central and
northern Great Plains from 20-14 ka as the LIS began to retreat northward (Wright 1970; Barry
1983; Williams et al. 2004; Gonzales and Grimm 2009). However, areas in closer proximity to
the LIS consisted of tundra vegetation (Wright 1970; Birks 1976; Mason et al. 1999; Zanner
1999). From 18-12 ka, southeastern Minnesota consisted of tundra vegetation with scattered
spruce trees (Birks 2001).
The P-H transition in the Northern Hemisphere coincides with the Bolling-Allerod
interstadial (14.7-12.9 ka) and Younger Dryas stadial (12.9-11.6 ka) (Sima et al. 2004). Climate
changed rapidly during this time frame (Woodburn et al. 2017). Extensive soil formation
occurred throughout the Great Plains during the P-H transition, indicating high effective
moisture and stability throughout aeolian landscapes (Mason et al. 2008; Holliday et al. 2011;
Bowen and Johnson 2012; Halfen and Johnson 2013; Tecsa et al. 2020). However, periods of
low effective moisture during the Younger Dryas in the Great Plains did initiate occasional,
localized aeolian activity (Mason et al. 2008). In the Illinois River Valley, a lithostratigraphic
sequence of dune and wetland deposits record alternating intervals of wet and dry periods
through the P-H transition (Wang et al. 2012). Wet periods occurred during the Bolling-Allerod
interstadial that facilitated wetland formation, and periods of dune activity mainly occurred
during the Younger Dryas (Wang et al. 2012).
Aeolian activity was recorded in south-central Wisconsin and southeastern Minnesota
during the P-H transition as well (Zanner 1999; Rawling et al. 2008; Hanson et al. 2015). In
south-central Wisconsin, sand dunes formed from 14-10 ka (Rawling et al. 2008). Dune
formation was hypothesized to have occurred due to increased sediment availability from the
melting of permafrost and glacial outwash supplied to the Wisconsin River Valley, rather than
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arid-conditions. In southeastern Minnesota, aeolian activity was recorded from 14.7-10.1 ka
(Zanner 1999; Hanson et al. 2015). The activity was hypothesized to have occurred due to
regional climatic warming and the position of the Des Moines lobe relative to the study area
(Zanner 1999).
Vegetation in the central Great Plains during the Bolling-Allerod consisted of grasses and
deciduous trees in a savannah or open woodland, indicating greater precipitation (Woodburn et
al. 2017). During the Younger Dryas, vegetation transitioned to cool season grasses, indicating
drier soil conditions (Woodburn et al. 2017). In central Minnesota from 14.7-10 ka, vegetation
transitioned from tundra vegetation to spruce dominated woodland, indicating consistent
warming (Birks 1976; Birks 2001). Warming during the P-H transition is also indicated by the
melting of permafrost in Wisconsin. Permafrost had retreated from the southern portion of the
state by 14 ka, and from the northern portion by 10 ka (Clayton et al. 2001). e trees (Jacobson et
al. 1987; Birks 2001).
The Early and Middle Holocene consisted of regional warming and increased aeolian
activity from increased summer insolation and enhanced evaporation (Grigal et al. 1976;
Kutzback 1987; Keen and Shane 1990; Bartlein et al. 1993; Forman et al. 2001; Shuman et al.
2002; Goble et al. 2004; Miao et al. 2005). A transition to regional aridity is recorded in the
Midwest by decreases in lake levels from 10-8 ka and increased drought-resistant ragweed
populations (Shuman et al. 2002). Regional aridity is also evident by loess deposition on the
Great Plains from 9-6 ka (Forman et al. 2001; Goble et al. 2004; Miao et al. 2005). In eastcentral Minnesota, a record of Holocene climate, vegetation, and sedimentation is inferred from
lake cores (Keen and Shane 1990). During the Early Holocene, the vegetation consisted of
spruce parkland and transitioned to a mixed conifer-hardwood forest, indicating warming (Keen
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and Shane 1990). Warming continued into the Middle Holocene and climate fluctuated with
distinct episodes of aeolian activity from 9.1-4.0 ka (Keen and Shane 1990). Vegetation during
the Middle Holocene transitioned from mixed conifer hardwood forest to an open prairie (Keen
Shane 1990). After 4 ka, in the Late Holocene, aeolian activity declined, tree density increased,
temperatures declined, and annual precipitation approached the modern average (Keen and
Shane 1990).
Aeolian activity is also recorded in Eau Claire County, WI during the Early and Middle
Holocene (Schaetzl et al. 2018). Parabolic dunes dated in the city of Eau Claire, western,
Wisconsin have ages ranging from 6.7-5.7 ka (Schaetzl et al. 2018). A sand ramp dated in the
city returned ages of 10.8-10.1 ka (Schaetzl et al. 2018). In the Late Holocene, aeolian activity
was less widespread but is recorded in the central and northern Great Plains (Arbogast 1996;
Muhs and Wolfe 1999; Forman et al. 2005; Halfen et al. 2012). In Kansas, alternating periods of
aeolian activity and soil formation were recorded from 2.3-0.3 ka and 2.1-0.9 ka (Arbogast 1996;
Forman et al. 2005; Halfen et al. 2012).

1.6. Research Questions
To build upon the research of sand stringers beyond the LGM margin in southeastern
Minnesota and western Wisconsin, USA, further absolute age control and stratigraphic analyses
are needed. Zanner (1999) is the earliest study to determine the age of a sand stringer deposit,
which is based on thermoluminescence dates. Although this method was successful, uncertainties
in thermoluminescence dating make it potentially unreliable dating technique. Additional
stratigraphic analyses are necessary due to the spatial variability of sand stringer stratigraphy.
Those investigated by Zanner (1999) had complex stratigraphy consisting of alternating layers of
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sand and silt. Preliminary augering investigations of sand stringers in western Wisconsin by
Millett et al. (2018) revealed a composition consisting entirely of medium sand. Therefore, sand
stringers may vary in composition depending on the sediment source and developmental history.
To contribute to sand stringer research in the western Great Lakes region the following research
questions are addressed:
1) What is the spatial distribution and orientation of sand stringers beyond the last glacial
maximum ice margin in southeastern Minnesota and western Wisconsin?
2) What is the geomorphology and depositional chronology of sand stringers in this region?
3) Does the Zanner (1999) hypothesis for sand stringer formation and paleoclimatic
significance apply to the sand stringers in western Wisconsin?
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Chapter 2
2.0. Methods: Introduction
To understand the spatial distribution, depositional chronology, and landform genesis of
sand stringers within western Wisconsin and southeastern Minnesota, we utilized a suite of
methods to:
1) remotely map sand stringers over this extensive study area by using LiDAR-derived
imagery, aerial photos, surficial geologic maps, and soil surveys compiled in a
geographic information system (GIS),
2) establish age control for the deposition and burial of sand stringer sediments through
optically stimulated luminescence (OSL) dating,
3) identify depositional structures and stratigraphy within a sand stringer through ground
penetrating radar (GPR) surveys to interpret formational process(es), and
4) compile pedon descriptions by augering through a sand stringer to determine its
composition and correlate the composition to structure seen in the GPR surveys.
2.1. Remote Mapping
Prior research has identified and mapped sand stringers in portions of Iowa, Illinois,
Minnesota, and Wisconsin (Farnham 1958; Acker et al. 1980; Hobbs and Goebel 1982; Carlson
1989; Hobbs 1995; Meyer and Knaeble 1998; Zanner 1999; Koch 2004; Schaetzl et al. 2018;
Millett et al. 2018; Marcou et al. 2019). However, in evaluating this prior work, it was evident
that there were issues with the resolution of datasets being used in studies before 2018 and
inherent uncertainty in mapping such subtle landforms. Thus, we remapped the spatial
distribution and orientation of sand stringers in western Wisconsin and southeastern Minnesota
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by utilizing a more conservative, objective methodology focused on newly acquired LiDARderived digital elevation models (DEMs) and a greater variety of supplementary data to verify
interpretations. By doing so, we provide greater confidence and improved accuracy in the
identification and mapping of sand stringers in the region.
Sand stringers were mapped in six counties in western Wisconsin , and nine counties in
southeastern Minnesota (Figure 10). A confidence criteria score was applied to each sand
stringer mapped to quantify/assess our level of uncertainty in the remote mapping. LiDARderived DEMs and hillshades were the primary data sources to identify potential sand stringers.
Each stringer was identified based on morphology described in previous literature (Zanner 1999;
Koch 2004; Schaetzl et al. 2017; Millet et al. 2018; Marcou et al. 2019). Soil survey data
(SURRGO), aerial imagery, surficial geologic maps, and limited field verification (due to the
extensive study area) were used to aid in identification and verification of sand stringers.
2.1.1. Identification, Mapping, and Orientation
LiDAR data were downloaded from the United States Department of Agriculture’s
National Resources Conservation Service Geospatial Data Gateway
(ftp://ftp.gisdata.state.mn.us/pub/data/elevation/lidar/county/). LiDAR data from western
Wisconsin varies in spatial resolution by county (Table 3).
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Table 3. The spatial resolution of the LiDAR data from our study area in western
Wisconsin varies by county. Due to the inconsistent resolution of the LiDAR data
we employed additional mapping methods (aerial imagery, SSURGO data, and
surficial geologic maps) to aid in the accuracy of our remote mapping.

County

Spatial Resolution

Chippewa

3 meter

Eau Claire

3 meter

Dunn

10 meter

Pepin

5 meter

Buffalo

2 meter

Pierce

3 meter

LiDAR data for southeastern Minnesota counties has a consistent spatial resolution of 1
m. LiDAR-derived hillshades were created to enhance the visualization of sand stringers for
identification by inputting county DEM’s into the Hillshade tool in Arcmap 10.7.1. The altitude
was set to 45° and azimuth was set to 270° (sunlight directed from the west) within the hillshade
tool settings to indicate the sun's relative position for creating 3D models. Sand stringers
identified using LiDAR-derived hillshades were mapped based on morphology as described in
previous literature (Figure 12) (Dimensions: 0.1-20 km long, 10-100 m wide, <1-5 m high)
(Zanner 1999; Koch 2004; Schaetzl et al. 2017; Millet et al. 2018; Marcou et al. 2019). Length,
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width, and height of each sand stringer were measured using the “Measuring” tool in Arcmap
10.7.1.

A

B

Figure 12. Our remote mapping methodology begins with identifying sand stringers through
LiDAR hillshades based on morphology described in previous literature (Dimensions: 0.1-20
km long, 10-100 m wide, <1-5 m high) (Image A) (Zanner 1999; Koch 2004; Schaetzl et al.
2018). If the landforms dimensions were within the range described in the previous literature,
then a polyline was traced over the crest of the landform (Image B).

To calculate the orientation of sand stringers, the “Add Geometry” tool in Arcmap 10.7.1
was applied to a polyline that was digitized over the crest of the landform. Based on the degree
measurement of the line, a cardinal orientation was applied (e.g. 295 degrees = WNW-ESE)
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(Figure 13). Each sand stringer identified was then crosschecked using supplementary data to
establish the confidence criteria score.

Figure 13. After all potential sand stringers were mapped within a county of our study area
the orientation of the stringers in the feature class was calculated. To calculate orientation, the
“Add Geometry” tool in Arcmap 10.7.1 was applied to a polyline that was digitized over the
crest of the landform. Based on the degree measurement of the line, a cardinal orientation was
applied (e.g. 271-314 degrees or 91-134 degrees = WNW-ESE).
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2.1.2. Confidence Criteria Score
A confidence criteria score (CCS) was assigned to each mapped sand stringer to assess
potential uncertainty in remote mapping. Uncertainty in the mapping resulted from: 1) varied
LiDAR dataset resolution across the study area, 2) subtle morphology of some sand stringers in
LiDAR imagery, and 3) the presence of other linear forms (e.g. small bedrock ridges and
interfluves) observed in the LiDAR imagery. Once the morphology was identified in LiDAR
imagery and the landform was mapped, supplemental data were used to create the CCS for each
stringer (Table 4).

Table 4. A CCS was assigned to all sand stringers mapped to address the uncertainty
in our remote mapping technique. CCS variables included aerial imagery, SSURGO
data, surficial geologic maps, and field verification. These variables were selected
because they provide further understanding of the composition and morphology of
the landforms mapped. A score of 32 points represents the highest certainty the
landform mapped is a sand stringer. A score of 1 point represents the lowest certainty
in the landform mapped.

muname

Soil_texture
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The CCS was derived using five variables (soil parent material, soil texture, aerial
imagery, surficial geology, and field verification) because they provide further data on stringer
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composition and morphology. Each variable was weighted based on interpretation of the
dataset’s reliability to aid in accurately mapping sand stringers. A maximum score of 32-points
indicates that the mapped sand stringer meet the criteria of all five variables and has the highest
certainty of being a sand stringer. A score of 1-point reflects the lowest certainty that the
landform mapped is a sand stringer.

2.1.2.1. SSURGO Datasets (Soil Texture and Parent Material)
Soil parent material and texture were given a score of 0 or 1 due to the coarse resolution
of SSURGO datasets. Soil mapping involves interpolating data derived from a limited number of
locations to create a soil distribution map, resulting in uncertainty in accuracy for small
landforms like sand stringers. SSURGO data for each county were downloaded from the United
States Department of Agriculture’s National Resources Conservation Service Geospatial Data
Gateway (https://www.mngeo.state.mn.us/chouse/soil.html). Data were then linked to GIS
software ArcMap 10.7.1 using the Soil Data View tool downloaded from the National Resources
Conservation Service
(https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/geo/?cid=nrcs142p2_053614).
The Soil Data View tool allows the user to manually assign an associated soil type to a mapped
sand stringer. Soil texture and parent material criteria were based on the sand stringer
composition observed by Zanner (1999) in the Canfield Creek sand stringer in southeastern
Minnesota. Zanner (1999) is the only study to describe the composition of a sand stringer, which
provided us a basic understanding of their potential composition across southeastern Minnesota
and western Wisconsin. Soil data were divided into two sub-categories: soil texture and parent
material. Potential sand stringers within regions mapped as silt, silt loam, sandy loam, loamy
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sand, or sand received one point for their texture score, and all other textures received a texture
score of zero. Soil parent material consisting primarily of sand or silt (ex: glacial till, glacial
outwash, fluvial outwash, aeolian sand/silt, loess) received one point for parent material score,
all other parent materials received a score of zero.

2.1.2.2. Aerial Imagery
Aerial imagery was given a point value of 0 to 5 because it presents more accuracy in
visual identification of the landform mapped using LiDAR data. If the sand stringer morphology,
first recognized in the LiDAR data, is recognizable in the aerial imagery, then five points were
added to the confidence score (Figure 14).

Figure 14. Aerial imagery was used to aid in confirmation of potential sand stringers
identified using LiDAR data. If the stringer morphology was recognizable through shape, five
points were added to the confidence score. Images labeled “A” represent a sand stringer
visible in both LiDAR data and aerial imagery. This sand stringer received five points for the
aerial imagery score. Images labeled “B” represents a sand stringer visible in LiDAR data, but
not aerial imagery. This sand stringer received a score of zero for the aerial imagery score.
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Evidence of sand stringer morphology in both datasets provides us with further certainty
that landform mapped is a sand stringer. County aerial imagery were acquired from the USDA
Farm Service Agency National Agriculture Imagery Program (NAIP) in August 2017. The aerial
imagery is orthorectified, consists of three band true color, and has 1 m spatial resolution.
Imagery were downloaded from the United States Department of Agriculture’s National
Resources Conservation Service Geospatial Data Gateway
(https://www.mngeo.state.mn.us/chouse/airphoto/index.html).

2.1.2.3. Surficial Geologic Maps
Surficial geologic maps were given a point value of 0 to 5 because the surficial units are
mapped in the field by trained geologists, thus making the data more reliable. Surficial geologic
maps were downloaded from The University of Minnesota Digital Conservancy
(https://conservancy.umn.edu/handle/11299/708). County surficial geology maps were only
available for the southeastern Minnesota counties of Dakota, Dodge, Fillmore, Goodhue,
Houston, Mower, and Wabasha (Hobbs 1984; Hobbs 1988; Balaban and Hobbs 1990; Hobbs
1995; Patterson and Hobbs 1995; Hobbs and Setterholm 1998; Meyer and Knaeble 1998;
Anderson 2002; Lasardi, Adams and Hobbs 2014). Maps were georeferenced to their associated
counties in ArcMap 10.7.1.
Surficial geology maps were used to aid in confirmation of appropriate composition and
parent material of potential sand stringers identified through LiDAR data. If potential sand
stringers were within surficial material described as aeolian sand or silt then five points were
added to the confidence score (Figure 15). Aeolian sand and silt were chosen as the surficial

41

geology map unit criteria because sand stringers are aeolian landforms, and these are the same
textures observed by Zanner (1999).

Figure 15. Surficial geology maps were used to aid in confirmation of appropriate
composition and parent material of potential sand stringers identified through LiDAR data.
Surficial geologic maps were given a point value of 0 to 5 because the surficial units are
mapped in the field by trained geologists, thus making the data more reliable. If potential
sand stringers were within surficial material described as aeolian sand or silt then five points
were added to the confidence score. Image “B” displays sand stringers mapped using LiDAR
data, and image “A” displays the same sand stringers mapped within loess from the surficial
geologic map.
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2.1.2.4. Field Verification
Field verified sand stringers were given a score of 0 to 20. The score of 20 is used to outweigh the other variables of the criteria score so that sand stringers mapped with correct parent
material, texture, aerial imagery, and surficial geologic maps are not more certain than field
verification. Sand stringers were field verified based on: 1) morphology being visually evident in
the field; and 2) composition of fine to medium well-sorted sand or fine silt was found during
shallow augering of their crest. Visual inspection was used to verify the morphology identified
during remote mapping, and composition inspected via augering was used to verify the landform
is composed of the appropriate soil texture.
2.2. Optically Stimulated Luminescence Dating
OSL dating provides an age estimate of when minerals (usually quartz or feldspar) were
last exposed to sufficient heat or sunlight to reset a prior luminescence signal (Rittenour 2008;
Rhodes 2011; Nelson et al. 2015). Generally, heat of 200-400 degrees Celsius or exposure to
sunlight for <1-100 seconds is sufficient to reset a prior signal (Rhodes 2011). When minerals
are exposed to heat or sunlight, electrons are evicted from their crystalline structure and emit a
photon of light (i.e., luminescence) (Nelson et al. 2015). Following the resetting of a
luminescence signal, minerals that become buried (i.e., no longer exposed to sunlight) begin to
accumulate a new luminescence signal and the grain’s internal clock is reset. Electrons begin to
accumulate in point defects of the crystalline structure of the minerals through ionizing radiation
from radioisotopes (thorium, uranium, rubidium, potassium) in surrounding sediment and
incoming cosmic radiation (Rittenour 2008; Rhodes 2011; Nelson et al. 2015).
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OSL laboratories estimate, in thousands of years before present, the length of time a
mineral grain has been buried by dividing the equivalent dose by the environmental dose rate
(Equation 1) (Nelson et al. 2015).
𝐴𝑔𝑒 𝑘𝑎

𝐷 𝐺𝑦
𝐷 𝐺𝑦 𝐾𝑎

Equation 1: Luminescence ages are calculated by dividing the equivalent dose (𝐷 ) by the
environmental dose rate (𝐷 . Both variables are measured in units of Grays (Gy) (1 Gray = 1
Joule/kg)
Equivalent dose, determined in the laboratory, is the amount of radiation necessary to
produce a luminescence signal equivalent to natural radiation (Nelson et al. 2015).
Environmental dose rate is the rate a sample was exposed to natural radiation, which can be
determined in a laboratory through bulk chemical analysis of a sample or in the field through insitu measurement (Nelson et al. 2015). Water content history of a sample is taken into
calculations to estimate the amount of radiation attenuated by water (Nelson et al. 2015).
The most accepted method for determining the equivalent dose is the single-aliquot
regenerative dose method (SAR) developed by Murray and Wintle (2000). This method involves
a measurement of the natural luminescence signal, followed by measurements of the
luminescence signal generated from laboratory radiation. The SAR protocol incorporates a direct
assessment of the OSL sensitivity following measurement of the natural and regenerated OSL
measurement (Murray and Wintle 2000). Sensitivity of an OSL sample is a measure of the
amount of luminescence emitted from a given dose of radiation (Nelson et al. 2015). Typically, a
SAR cycle is repeated six to seven times on the same aliquot or grain to determine its equivalent
dose (Rhodes 2011).
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Aeolian sediment is an ideal material for luminescence dating because: 1) it is composed
primarily of quartz and feldspar, the main minerals used for OSL dating, 2) individual grains are
usually well exposed to light before deposition, thus allowing for complete bleaching of a prior
luminescence signal, and 3) aeolian sediment usually contains grain sizes within suitable range
for dating (very fine silt, 7-11 micrometers, and fine grain sand, 63-250 micrometers) (Wintle
1993; Bristow, Lancaster, and Duller 2005; Koster 2005; Molodkov and Bitinas 2006; Kolstrup
2007; Kolstrup, Murray, and Possnert 2007; Stauch et al. 2012; Nelson et al. 2015; Schaetzl et al.
2017).
OSL dating is ideal for our study because: 1) prior literature shows it works well in
aeolian systems (Wintle 1993; Bristow, Lancaster, and Duller 2005; Koster 2005; Molodkov and
Bitinas 2006; Kolstrup 2007; Kolstrup, Murray, and Possnert 2007; Stauch et al. 2012; Nelson et
al. 2015; Schaetzl et al. 2017), 2) the abundance of quartz sand within a suitable sampling grain
size (fine grain sand, 63-250 micrometers), 3) the lack of organic material for radiocarbon
dating, and 4) it allows us to link timing of deposition to paleoenvironmental conditions.
2.2.1. Uncertainties using OSL
Although OSL dating has been used in geomorphic studies for dating Quaternary
sediments (Rittenour 2008; Bristow, Lancaster, and Duller 2005; Schaetzl et al. 2017), and
aeolian sediments (Wintle 1993; Koster 2005; Molodkov and Bitinas 2006; Kolstrup 2007;
Kolstrup, Murray, and Possnert 2007; Hulle et al. 2010; Rink and Lopez 2010; Stauch et al.
2012; Yu and Lai 2014), uncertainties exist in this geochronologic method. Uncertainties may
arise from the target sediment properties, post-depositional mixing, partial bleaching of
sediment, and past water content history (Aitken 1998; Nelson et al. 2015).
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2.2.1.1. Target Sediment Properties
Geologic source of target sediment is important to consider as it controls the abundance
of target minerals and their associated luminescence properties (Nelson et al. 2015). Sediments
that have undergone several cycles of erosion and transportation generally have greater
luminescence sensitivity, which means that very small doses (<20 Gy) can be measured from
single grains, eliminating the need to use large aliquots and thus improving measurement
accuracy (Nelson et al. 2015).
2.2.1.2. Post-depositional Mixing
Post-depositional mixing (combining mineral grains from different areas) can result from
bioturbation (e.g. animals, insects, plants), soil formation, desiccation cracks, and cryoturbation
(Bateman et al. 2003; Nelson et al. 2015). These processes can vertically mix grains of vast
different ages. Mixing of younger age grains with older grains will skew the OSL age estimation
(Nelson et al. 2015). To avoid potential issues associated with bioturbation, it is recommended to
collect samples at minimum of 1 m in depth (Nelson et al. 2015). This depth is typically deep
enough so that the material is unaffected by animal burrowing or root growth (Nelson et al.
2015).
2.2.1.3. Partial Bleaching
Target samples should be exposed to sufficient light (i.e. fully bleached) to fully reset
prior luminescence signals. Partial bleaching occurs in samples when they are not exposed to
sufficient sunlight or heat to fully reset the luminescence signal, which can lead to ageoverestimations (Nelson et al. 2015). Interpretation of the depositional environment and mode of
sediment transport of target samples is crucial to evaluate whether or not a sample has been fully
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bleached (Nelson et al. 2015). Fluvial deposits tend to experience partial bleaching when there
are high sediment loads and high turbidity (Nelson et al. 2015).
2.2.1.4. Water Content History
Water content history is the quantity of water contained in a material over time (Aitken
1998). Water content history of a sample is used to estimate the degree that radiation was
attenuated by water within the sediment (Aitken 1998). This estimate is considered when
calculating sample dose rate (Nelson et al. 2015). Generally, in-situ water content can be
measured for a sample; however, the average water content over the whole burial span of the
sample should be considered (Aitken 1998). Estimates of the water-content history can be taken
into account by current degree of saturation and any past indications or variations of previous
saturation (Aitken 1998).

2.2.2. OSL Sample Collection of a Sand Stringer within the Chippewa River valley, WI
Field investigations and OSL sampling were focused primarily on the Eau Claire county
sand stringer (ECC stringer, Figure 16).
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Figure 16. Due to our extensive study area we focused our field work efforts on a single sand
stringer in Eau Claire County, WI. We focused on a single deposit so that we could use multiple
field methods and study the sand stringer intensively. ECC sand stringer was selected for field
investigations and OSL sampling due to: 1) distinct and clear morphology visible on LiDAR
DEMs; 2) ease of access from public roads and landowners permission; and 3) it was sufficiently
large (height >1 m), allowing for adequate depth for OSL sampling.

However, OSL samples were also collected from three other sand stringers: Stienke
stringer, Flanders stringer, and the DS1 stringer (Figure 17). The Flanders and Stienke stringers
are located in Eau Claire County, Wisconsin. The Flanders stringer is 8 km south of the ECC
stringer, and the Stienke stringer is 15.9 km south. The DS1 stringer is located in Dunn County,
Wisconsin, and is 7.2 km north of the ECC stringer.
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Figure 17. The primary focus of our field investigations and OSL sampling was on the
ECC stringer. However, OSL samples were also collected from three other sand stringers:
Stienke stringer, Flanders stringer, and the DS1 stringer. The Flanders and Stienke
stringers are located in Eau Claire County, Wisconsin. The Flanders stringer is 8 km south
of the ECC stringer, and the Stienke stringer is 15.9 km south. The DS1 stringer is located
in Dunn County, Wisconsin, and is 7.2 km north of the ECC stringer.

These stringers were selected for OSL sample collection because: 1) they had a distinct
and clear morphology in the LiDAR-based remote mapping and a high confidence criteria score;
2) were easily accessible from public roads and landowners allowed access; and 3) the landforms
are sufficiently large (height >1 m), allowing for adequate depth for OSL sampling.
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OSL laboratories require three separate samples to complete a single sample’s age
estimation. These samples include the equivalent dose sample, environmental dose rate sample,
and water content sample (Nelson et al. 2015). Collection of the equivalent dose sample typically
occurs by horizontally pounding an opaque tube (usually steel or aluminum) into an exposed
outcrop (Nelson et al. 2015). However, given the subtle morphology of sand stringers, there are
no available exposures within our study area and landowners did not permit digging a trench.
Thus, a hand-auger was utilized to collect samples at various depths (Figure 18).

Figure 18. The vertical hand auger OSL extraction method was employed at our field site due
to a lack of exposed outcrops for horizontal sampling. The vertical hand auger method involves
using a hand auger to bore to the desired depth (>1 m) to extract sediment samples necessary
for an OSL laboratory to perform analyses. (Photo courtesy of Dr. Mark Bowen, May 2019).
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This method involved using a hand-auger to vertically bore until a desired depth for
extraction of a sample is reached. Sediments were compacted within a tube inside an opaque
auger bit and never exposed to sunlight. The sample tube was removed from the auger, and the
ends of the tube were packed with styrofoam and quickly capped. The outer 4 cm on each side
of the sample tube were disposed of in the laboratory to assure the only sediments utilized in the
OSL laboratory were the ones that were never exposed to sunlight. It is important to cap and
pack the ends of the sample tube so the sample is limited in potential exposure to sunlight and so
the sample does not shift within the tube during transportation (Nelson et al. 2015).
Prior to sampling for the equivalent dose, the target grain size must be considered
(Nelson et al. 2015). The suitable grain sizes for OSL dating are very fine silt (7-11 micrometers)
and fine grain sand (63-250 micrometers) (Aitken 1998). These specific grains sizes are
necessary due to factors in calculating the environmental dose rate (Aitken 1998). This choice of
grain size is related to the contribution of radiation from alpha and beta particles (radioisotopes
of thorium, uranium, rubidium, potassium) to the environmental dose rate sample (Aitken 1998).
Alpha radiation has a short range of particle sizes that are affected (25-100 µm) (Aitken 1998).
The range of particle sizes for beta radiation is 0.5 to 3 millimeters (Aitken 1998). For the
environmental dose rate, approximately 200 grams of sediment were collected above and below
the equivalent dose sample. The environmental dose rate sample is stored in plastic ziplock bags.
Four OSL samples were collected from ECC. Sample USU-3024 was collected from the
southeastern end of the Eau Claire County sand stringer crest at a depth of 1.45 m (Figure 17).
Samples USU-3025, USU-3026, and USU-3027 were collected from the northwestern portion of
ECC crest at depths of 1.53 m, 2.42 m, and 2.75 m, respectively (Figure 19).
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Figure 19. Four OSL samples were collected from the ECC stringer. Sample USU-3024 was
collected from the crest at the southeastern end at a depth of 1.45 m. Samples USU-3025, USU3026, and USU-3027 were collected from the crest of the northwestern portion of at depths of
1.53 m, 2.42 m, and 2.75 m, respectively.

Two OSL samples were collected from a single auger hole near the center crest of the
Stienke stringer at depths of 2.0 and 2.5 m. In addition, a single samples were collected from the
crest of the Flanders stringer (USU-2754) and DS1 stringer (USU-2755), both at depths of 2 m.
Coordinates and elevation for each sample site were gathered using a Trimble Geo 7x to estimate
the amount of cosmic radiation samples received (Nelson et al. 2015).
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All OSL samples were processed at the Utah State University Luminescence Laboratory.
Samples were wet-sieved to isolate grains in the 150-250 µm size range. Carbonates within the
samples were removed using 10% HCL solution. Organic material was removed using hydrogen
peroxide. To remove all other minerals besides quartz, a float 2.7 g cm -3 of sodium
polytungstate was used. Quartz grains were etched using a 47% concentration of hydrofluoric
acid. Samples were analyzed using the small aliquot regenerative dose method (SAR) (Murray
and Wintle 2000). Quartz grains were placed on 2 mm diameter aliquot discs and put into a Riso
TL/OSL Reader Model DA-20. The Riso TL/OSL Reader produces blue-green wavelengths of
0.47 µm to induce luminescence in the quartz grains. Nine to twenty-five aliquots were
processed for each sample to derive the equivalent dose and calculate the age of the sample.
Uncertainties for OSL sampling and dating were considered for our study area. Processes
of post-depositional mixing (bioturbation, soil formation, desiccation cracks, cryoturbation) were
avoided by collecting samples that are >1.4 m in depth and by examining extracted sediments in
the auger profile for evidence of roots, pedogenic processes, or sediment mixing of any kind. The
variation of water content history of the samples is difficult to estimate throughout the history of
burial. The OSL laboratory measures the in-situ water content the samples, and also applies an
assumed 8.0±2.4% for all samples as moisture content history. Partial bleaching was not
expected to be an issue given the aeolian interpretation of these landforms (e.g. Stokes et al.
1997; Ballarini et al. 2003; Lepper and Scott 2005; Bristow, Lancaster, and Duller 2005; Stone
and Thomas 2008; Madsen and Murray 2009; Munyikwa et al. 2011; Alexanderson and
Henriksen 2015).
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2.3. Ground Penetrating Radar Surveys
GPR was utilized to image the internal structure (e.g. stratigraphic contacts, forsets)
within the ECC stringer. Our goal was utilize the GPR imagery to aid in understanding the
geomorphic processes responsible for the sand stringer morphology. GPR is ideal for this
geomorphic setting because: 1) previous research using GPR to study aeolian deposits have
successfully imaged their internal structure (Bristow, Pugh, and Goodall 1996; Botha et al. 2003;
Bristow, Lancaster, and Duller 2005; Pedersen and Clemmensen 2005; Larson et al. 2008;
Bristow 2009; Bristow et al. 2010; Schaetzl et al. 2018), 2) it is a non-invasive survey technique,
3) the relatively fast surveying allows for continuous stratigraphic data, 4) the subsurface
material readily allows the propagation of the GPR signal.
GPR has become a useful tool in sedimentological studies within aeolian systems
(Schenk et al. 1993; Clemmensen et al. 2001; Bristow and Jol 2003; Girardi and Davis 2010;
Bai, Liao, and Klenk 2011; Yang and Nai 2011; Guillemoteau, Bano, and Dujardin 2012;
Buynevich, Bitinas, and Pupienis 2015). GPR is a non-invasive and shallow geophysical
technique that uses radar frequency waves (5 megahertz to 130 gigahertz) to image differences in
material in the subsurface (Bristow and Jol 2003). A GPR system consists of a set of transmitting
and receiving antennae, a digital video logger (computer screen), and a battery system (Figure
20) (Bristow and Jol 2003). A transmitting antenna at the surface emits high frequency (50-1000
MHz) electromagnetic energy into the subsurface (Bristow and Jol 2003; Neal 2004; Conyers
2013). This electromagnetic energy (GPR wave) is composed of conjoined oscillating waves of
electronic and magnetic energy (Conyers 2013). Some of this energy is reflected back to the
surface as a result of differences in the dielectric permittivity of materials in the subsurface
(Bristow and Jol 2003; Neal 2004; Conyers 2013).
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Figure 20. A GPR system consists of a set of transmitting and receiving antennae, a
digital video logger (computer screen), and a battery system (Bristow and Jol 2003). A
transmitting antenna at the surface emits high frequency (50-1000 MHz) electromagnetic
energy into the subsurface (Bristow and Jol 2003; Neal 2004; Conyers 2013). This
electromagnetic energy (GPR wave) is composed of conjoined oscillating waves of
electronic and magnetic energy (Conyers 2013). The energy reflected back to the surface
results from differences in the dielectric permittivity of materials in the subsurface. The
reflected electromagnetic energy is received by a second receiving antenna and is
recorded as a function of time (generally nanoseconds) (Jol and Bristow 2003) (Photo
courtesy of Luke Burds, August 2017).
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Dielectric permittivity is a physical property that quantifies how easily material becomes
polarized in the presence of an electric field (Conyers 2013). Dielectric permittivity of a material
can be quantified using Equation 2 (Conyers 2013).

𝐾

𝐶
𝑉

Equation 2: Dielectric permittivity (K), radar velocity (V), and speed of light (C=0.0299 cm/ns)

Differences in dielectric permittivity in sediments can be caused by differences in
compaction, porosity, grain size, and water content of sediments (Bristow and Jol 2003).
Materials that have a high electrical conductivity, such as wet clays and silts, remove the
electrical portion of the GPR wave, effectively attenuating the signal (Conyers 2013). Clays and
silts are materials with loosely attached valence electrons that allow for flow of an electrical
current (Conyers 2013). Materials that have low electrical conductivity, such as dry quartz sand,
readily allow the GPR signal to propagate to depth (Conyers 2013). Dry quartz sand has a rigid
molecular structure that does not easily facilitate an electrical current (Conyers 2013). Thus,
aeolian sands are often ideal for GPR surveys (Clemmensen et al. 2001; Van Dam 2002;
Clemmensen et al. 2007; Buynevich et al. 2010; Bai, Liao, and Klenk 2011; Yang and Nai 2011;
Guillemoteau, Bano, and Dujardin 2012; Buynevich, Bitinas, and Pupienis 2015).

56

Reflected electromagnetic energy is received by a second receiving antenna and is
recorded as a function of time, generally nanoseconds (Jol and Bristow 2003). Depth of
reflections are determined using Equation 3.
𝐷

𝑐
√𝑒

∗

𝑡
2

Equation 3: The depth (D) of reflections are automatically calculated by a GPR system
by using the speed of light in a vacuum (0.0299 cm/ns), the dielectric permittivity of the
subsurface material (e), and the travel time of the reflection (t, nanoseconds). Reflections that are
recorded during a GPR survey create a GPR profile (Figure 21; Neal 2004).

Figure 21. GPR profiles can be view in real-time during data collection. The first reflection to
arrive to the receiving antenna is the airwave, which travels from the transmit antenna at the
speed of light to the receiving antenna (0.02998 cm/ns). The second reflection detected by
the receiving antenna is the ground wave, which travels directly through the ground between
the transmitting and receiving antennae. Reflections that are displayed below the air and
ground waves represent the differences in the dielectric permittivity of the subsurface
materials.
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Reflections can be viewed in real-time, which displays depth of the reflections (meters)
versus time (nanoseconds). The first reflection to arrive to the receiving antenna is the airwave,
which travels from the transmit antenna at the speed of light to the receiving antenna (0.02998
cm/ns). The second reflection detected by the receiving antenna is the ground wave, which
travels directly through the ground between the transmitting and receiving antennae (Neal 2004).
The air and ground traces are always the first reflections displayed in the upper portion of a GPR
profile (Figure 21). Reflections that are displayed below the air and ground waves represent the
differences in the dielectric permittivity of the subsurface materials (Figures 20 and 21; Neal
2004).
2.3.1. GPR System Settings
Reflection profiling is the most common method of GPR data collection (Bristow and Jol
2003). This method involves repetitive or continuous movement of fixed antennae that produce a
cross-sectional image of the subsurface survey area (Bristow and Jol 2003). Before undergoing a
GPR survey, the following GPR system settings must be considered: 1) frequency; 2) velocity;
3) time window; 4) step size; 5) number of stacks; 6) antenna separation; and 7) topography.
1) Antennae frequency is important as this setting will determine depth of penetration and
resolution of the survey. Higher frequency antennae (400 to 1000 MHz) have shorter
wavelengths that provide greater resolution but less depth of penetration (Davis and
Annan 1989). Lower frequency antennae (50 to 200 MHz) have longer wavelengths that
provide greater depth of penetration but at a lower resolution (Davis and Annan 1989).
Generally, frequencies between 50 to 1000 MHz are used for sedimentological studies
(Bristow and Jol 2003).
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2) To correctly calculate depth of reflections in a GPR profile, propagation velocity of the
electromagnetic energy of the surveyed sediment (dielectric permittivity) must be
determined (Bristow and Jol 2003). Velocity can be determined in the field through a
common midpoint survey, or during post-processing by measuring hyperbolic reflections
(Bristow and Jol 2003).
3) Time-window is the amount of time (nanoseconds) that the receiving antenna will record
the reflected radar wave energy (Conyers 2013). The time window opens and closes
between each pulse of radar wave energy emitted by the transmitting antenna. The time
window is determined by the ratio of the target depth and the velocity of the material
(Bristow and Jol 2003). Correctly setting the time window for reaching the target depth
often requires prior testing at the site to determine the velocity of the material (Bristow
and Jol 2003). All GPR systems allow the user to select the time period over which
reflection data are recorded (Conyers 2013).
4) Step size is the distance between each data collection point (Bristow and Jol 2003).
Choosing an adequate step size is important as it controls the resolution of the data.
Smaller step sizes provide greater data resolution as more data points are being collected
over a distance. In sedimentary studies using GPR, one meter or less should be used to
provide adequate horizontal resolution of sedimentary structures (Bristow and Jol 2003).
5) Stacking averages a determined number of reflections at a given point/position as they
are being collected (Conyers 2013). It is used to record many repetitions of a signal sent
into the subsurface and computes the average value at that single location (Bristow and
Jol 2003). The greater the number of the stacks applied, the greater the data’s resolution
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will be. However, increasing the number stacks also greatly increases the survey time
necessary to collect a GPR profile across a landform or deposit.
6) Antennae separation is the distance between the emitting antenna and the receiving
antenna. Separation varies for each frequency (Table 5) but should equal approximately
20% of the target depth (if target depth is known) (Bristow and Jol 2003). Depth
resolution decreases as antennae separation increases, and vice versa for decreasing
antennae separation.
Table 5. GPR antenna frequencies used in sedimentological studies and their
associated antenna separation. Antennae separation is the distance between
the emitting antenna and the receiving antenna. Separation varies for each
frequency but should equal approximately 20% of the target depth (if target
depth is known) (Bristow and Jol 2003). Depth resolution decreases as
antennae separation increases, and vice versa for decreasing antennae
separation.

Frequency (MHz)

Antenna Separation (m)

12.5

8

25

4

50

2

100

1 (or 0.5)

200

0.5

250

0.40

500

0.23

1000

0.15
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7) Topographic data is an essential component of a GPR survey focused on geomorphology.
Generally, a laser level, auto level, or total station is used to gather topographic data
(Bristow and Jol 2003), but high resolution LiDAR or other digital elevation models can
be used. Topographic data is collected along the GPR survey lines and incorporated into
post-processing of GPR data.

2.3.2. Survey Parameters
Three GPR profiles were collected over the ECC stringer. Two transects, both 100 m in
length, and trending southeast to northwest, were collected longitudinally across the sand stringer
body using the 200 and 500 MHz antennae (Figure 22). The transects began on the southwest
portion of the sand stringer and moved towards the northwest. The 200 MHz antennae were
utilized to image the large-scale bedforms, and to determine the depth of the contact between the
sand stringer and the underlying material. The 500 MHz antennae were utilized to image smallscale bedforms that may not be noticeable in the coarser resolution 200 MHz profile. A single
transect, 75 m in length, and trending north to south, was collected perpendicularly across the
sand stringer using the 200 MHz antennae (Figure 22). This transect intersects with the
northwest end of the 100 m transect. Topographic data was collected for each transect at 1 m
intervals.
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Figure 22. Three GPR transects were collected across the ECC stringer. Two
longitudinal transects across the sand stringer crest were collected from the
southeast to the northwest using the 200 MHz and 500 MHz antennae. A
perpendicular transect was collected across the sand stringer body from north to
south using the 200 MHz antennae. The 200 MHz antennae were utilized to
image the large-scale bedforms, and to determine the depth of the contact between
the sand stringer and the underlying material. The 500 MHz antennae were
utilized to image small-scale bedforms that may not be noticeable in the coarser
resolution 200 MHz profile.
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GPR data from ECC stringer were collected using a Sensors and Software PulseEKKO
Pro radar system. The primary antenna frequency for the surveys is 200 MHz. This frequency
provided suitable depth of penetration (~ 3.5 m) for imaging the sand stringer and the material it
was deposited on. A 0.5 m antennae separation was used with a step size of 10 cm for each data
point. We utilized 128 stacks to provide us higher resolution data, and a time window of 200
nanoseconds. We employed a repetitive step-by-step movement of the fixed antennae to ensure
quality data collection (Figure 23, Table 6). This method involves placing the antennae on the
ground and manually alerting the GPR system to send pulses of EM energy into the subsurface.
Once the pulses of EM energy are emitted, reflected by the subsurface materials, and recorded by
the receiving antenna, the operator moves the antennae to the next positon along the transect
based on the step size used.

Figure 23. We employed a step method during data collection with the 200 MHz antenna.
This method involves placing the antennae on the ground and manually alerting the GPR
system to send pulses of EM energy into the subsurface. Once the pulses of EM energy
are emitted, reflected by the subsurface materials, and recorded by the receiving antenna,
the operator moves the antennae to the next positon along the transect based on the step
size used (Photo courtesy of Richard Mataitis, November 2019).

63

Table 6. The following settings were applied to the GPR system for data
collection. The 500 MHz antennae were utilized to image small-scale
structures within the upper portion of the sand stringer that may not be
visible using the 200 MHz antennae. The 200 MHz antennae were utilized to
image large-scale structure within the sand stringer and to determine the
thickness of the landform.

Antenna Frequency
(MHz)

200

500

Velocity (m/ns)

0.7

0.7

Time Window (ns)

200

100

Step Size (cm)

10

2

Stacks

128

DynaQ

Antenna
Separation (m)

0.5

0.23

The 500 MHz antennae were utilized as well to image small-scale stratigraphy within the
upper portion of the sand stringer. The 500 MHz antennae provided a depth of penetration of
~1.5 m. A 0.23 m antennae separation was used with a step size of 2 cm for each data point. For
stacks we utilized the Dyna Q function, which collects data points based on the speed that the
antennae are being towed. With a slower towing speed, more data points are collected. A time
window of 100 nanosecond was applied (Table 6). For data collection we employed a continuous
movement of the fixed antennae aided by an attached odometer wheel (Figure 24). The
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continuous data collection method used an odometer wheel that would alert the GPR system to
send pulses of EM energy into the subsurface based on the step size used during the survey.
The velocity of the material is 0.7 m/ns and was determined using the hyperbolic
correction tool in post-processing software in EKKO_Project by Sensors and Software.
Topographic data for the surveys were collected using a TopCon laser level system. Topographic
data were recorded in the field, transferred to an Excel spreadsheet, and then incorporated into
the GPR profiles during post-processing.

Figure 24. We employed a continuous data collection method with the 500 MHz
antennae. The continuous data collection method used an odometer wheel that would
alert the GPR system to send pulses of EM energy into the subsurface based on the step
size used during the survey. With the 500 MHz antennae, when the odometer wheel was
moved 2 cm, the wheel would alert the GPR system to emit pulses of EM energy (Photo
courtesy of Dr. Harry Jol, August 2017).
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2.3.3. Post Processing GPR Data
Following GPR field surveys, data were processed using EKKO_Project software by
Sensors and Software. Data were transferred from the digital video logger to a computer with
EKKO_Project software via hard drive. Data were opened in the software as a .gpz (GPR project
file) containing individual GPR transects. Individual GPR transects were processed using the
Line View Module within EKKO_Project. Once in Line View, display settings were adjusted to
display a black and white color scale for the profile (Figure 25).

Figure 25. When GPR data is opened in the Line View module, the first step to
processing the data is adjusting the color settings of the GPR profile. Color settings are
a subjective choice, and are used to enhance the visualization of the reflections in a
profile. For our GPR profiles we applied a black and white color color scheme.
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For processing, a dewow filter was applied to remove low-frequency components within
GPR profiles. Automatic gain control was applied, which allows the user to retrieve low
amplitude reflections within a GPR profile. Velocity of the material being surveyed was
determined using the hyperbolic velocity calibration tool. This tool measures the velocity of
hyperbolic reflections within a GPR profile. The new velocity was applied in the settings to
correct the profile (Figure 26).

Figure 26. To calculate the depth of reflections in a GPR profile, propagation velocity of
the electromagnetic energy of the surveyed sediment (dielectric permittivity) must be
determined (Bristow and Jol 2003). The hyperbola calibration tool in the Line View
Module can be used to determine the velocity of the subsurface sediment by measuring
hyperbolic reflections in GPR profiles. The measurement of velocity obtained from the
measurement of the hyperbolic reflection is then applied to the GPR profile.
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Topographic data was added to the profiles last. In the home screen of EKKO_Project, elevation
data files (.TOP) were attached to individual transects. The new profile with elevation data was
produced and displayed in the Line View module (Figure 27). Following processing, images of
profiles were produced using the screen capture button within Line View.

A

B

Figure 27. Topographic correction is important for GPR profiles collected on
uneven surfaces to accurately display the structure in the subsurface sediments.
Image “A” displays a GPR profile with topography incorporated into the profile.
Image “B” displays the same GPR profile as image “A” without topographic
correction.
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2.3.4. Three-Dimensional Grid: Survey and Data Collection Parameters
GPR data will be collected in a grid format to produce a three-dimensional (3-D) model
from post processing of the data. A 3-D model will aid us by: 1) evaluating the 3-D geometry of
the sedimentological structure of the sand stringer stratigraphy to produce a process-model of its
formation, and 2) evaluating the direction and dip of slip faces within the stratigraphy to
determine formative wind direction(s). A 10 m by 10 m grid will be established on the “crest” of
the ECC sand stringer on the northwest end of the 100 m longitudinal GPR transect (Figure 28).

Figure 28. A 3-D model of the sedimentological structure of the ECC stringer will allow us
to interpret the stratigraphy to 1) produce a process model of its formation, and 2) determine
formative wind direction(s). To create the 3-D model, a 10 m by 10 m grid (Image B) will be
established on the “crest” of the ECC sand stringer on the northwest end of the 100 m
longitudinal GPR transect (Image A). GPR lines will be collected in both the X and Y
directions of the grid to insure high quality data resolution (Image B). GPR lines will be
spaced every 0.5 m in both X and Y directions. The 200 MHz antennae will be utilized to
image the large-scale bedforms of the landforms internal structure. A 0.5 m antennae
separation will be used with a step size of 10 cm for each data point. We will utilize 128
stacks to provide us higher resolution data, and a time window of 200 nanoseconds. We will
employ a repetitive step-by-step movement of the fixed antennae. A velocity of 0.7 m/ns will
be applied for the material being surveyed. This velocity will be determined during postprocessing. Topographic data will not be collected during this survey. The post processing
software that creates the 3-D model assumes a flat surface for the GPR data. Therefore,
collecting topographic data for the grid survey is not necessary.
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GPR lines will be collected in both the X and Y directions of the grid to insure high quality data
resolution. GPR lines will be spaced every 0.5 m in both X and Y directions. The 200 MHz
antennae will be utilized to image the large-scale bedforms of the landforms internal structure.
A 0.5 m antennae separation will be used with a step size of 10 cm for each data point.
We will utilize 128 stacks to provide us higher resolution data, and a time window of 200
nanoseconds. We will employ a repetitive step-by-step movement of the fixed antennae. A
velocity of 0.7 m/ns will be applied for the material being surveyed. This velocity will be
determined during post-processing. Topographic data will not be collected during this survey.
The post processing software that creates the 3-D model assumes a flat surface for the GPR data.
Therefore, collecting topographic data for the grid survey is not necessary.
2.3.5. Post Processing of Three-Dimensional Model
Grid data will be processed using EKKO_Project by Sensors and Software and Voxler 4
by Golden Software. Data is transferred from the digital video logger to a computer with the
necessary software via hard drive. The data is opened in EKKO_Project as a .gpz (GPR project
file) containing individual GPR transects and the grid file. Our 3-D grid file is selected from the
Project Explorer window and then opened in the Slice View Module for processing (Figure 29).
When grids are brought into Slice View the module automatically applies processing filters (i.e.
Dewow, BGR. Subtraction, Migration) to improve the display of the data. The module applies
these filters to aid utility locators and archaeologists in finding specific point targets or
disturbances in the data. However, to display the sedimentological stratigraphy for the 3-D
model, these filters must be turned off and the display settings are changed to raw data (Figure
30).
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Figure 29. To process the GPR grid data to produce a 3-D model, data are first
opened in EKKO_Project processing software. Next, the grid file must be selected
from the Project Explorer window. Once the grid data is selected to be processed, the
data need to be opened in the Slice View module. The Slice View module is designed
specifically for processing GPR grid data.
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Figure 30. The image displays the GPR grid data in the Slice View module.
When grids are brought into Slice View the module automatically applies
processing filters (i.e. Dewow, BGR. Subtraction, Migration) to improve the
display of the data. The module applies these filters to aid utility locators and
archaeologists in finding specific point targets or disturbances in the data.
However, to display the sedimentological stratigraphy for the 3-D model,
these filters must be turned off and the display settings are changed to raw
data. To remove the processing filters, and change the display to raw data,
select the tool tab and then select the settings option. In the settings options,
change the display settings (indicated by red box) to raw data.
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The data is processed using the data processing window to remove any filters, and to change the
slice resolution and slice depth thickness (Figure 31).

Figure 31. In order to display the detailed sedimentological structure of the stringer, the
display filters must be unselected and the resolution of the grid data must be adjusted. In
the data processing settings tab (tab display in image), unselect all display filters and
background subtraction (display filters and background subtraction are indicated in the red
boxes). To adjust the resolution of the grid data, adjust the slice resolution to its max
setting (0.02 m) (indicated by red box), and adjust the slice thickness to 0.01 m (indicated
by red box). Once the display filters are unselected, and the resolution settings (slice
resolution and thickness) are adjusted, click OK to process the grid data.
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In the data processing window, the background subtraction option and the filters (dewow,
envelope, migration) are turned off to keep the display settings of the raw data. The slice
resolution is adjusted to its max setting of 0.02 m, and the slice thickness is adjusted to 0.01 m.
These settings are adjusted to create finer resolution data that better display the landforms
stratigraphy in the 3-D model. Following the data processing, the data is exported from the Slice
View module as a 3-D .hdf file that is compatible with Voxler 4.
The .hdf file is opened in Voxler 4 and the file is displayed in the Network Manager
window (Figure 32).

Figure 32. After the GPR grid data is processed in EKKO_Project, the data is brought
into Voxler 4 to be displayed as a 3-D model. In EKKO_Project, data is exported as an
.hdf file (compatible with Voxler software) and opened in the Voxler 4 interface. To
create the 3-D model select the Network Toolbar (indicated by red box), and under
Graphic Outputs option select the FaceRender Model. The FaceRender Model option
will display the sedimentological structure of the GPR grid data.
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The 3-D model is created by selecting the Network toolbar, and then selecting graphics output
option. In graphics output, the FaceRender model is selected. The FaceRender graphic output
creates a 3-D model of the grid data that can be rotated and examined in three dimensions
(Figure 33).

Figure 33. The image is an example of GPR grid data that has been processed and
displayed as a 3-D model. The 3-D model can be rotated in the software interface to
examine the landforms sedimentological structure.
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2.4. Soil Augering and Soil Profile Descriptions
Soil augering and auger profile descriptions were completed at five hillslope positions
along the perpendicular GPR transect to correlate reflections within the GPR profiles to sand
stringer stratigraphy (Figure 34). Soil auger profile descriptions also provide insight into
pedogenic and depositional processes over time. Descriptions followed standard methods of the
USDA National Soil Survey Center (Schoeneberger et al., 2012), and included horizonation,
Munsell color, structure, redoximorphic
features, root and pore size and density,
rocks and other fragments, consistence, and
hand texture (Schoeneberger et al. 2012).
Soil auger profiles were collected
using a hand-auger to bore vertically into the
sand stringer body to the maximum depth
possible (approximately 2-3 m).

Figure 34. Soil auger profiles were collected and described along the perpendicular GPR
transect at five hillslope positions. We chose this location so that we could correlate the
soils and sediments describe in the soil auger profiles to the structure in the perpendicular
GPR profile. Comparing the soil auger profile and GPR data allowed for further
understanding of the formation and depositional history of the ECC stringer. The crest
profile was collected to a depth of 260 cm, the north base and slope profiles were collected
to depths of 199 cm and 200 cm, and the south slope and base profiles were collected to
depths of 269 cm and 210 cm.
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Each bucket of soil material extracted using the hand auger was placed in sequence of extraction
to preserve a vertical profile (Figure 35). Profiles were collected from the crest, north slope and
base, and south slope and base of the ECC stringer (Figure 34). The crest profile was collected to
a depth of 260 cm, the north base and slope profiles were collected to depths of 199 cm and 200
cm, and the south slope and base profiles were collected to depths of 269 cm and 210 cm.

Figure 35. Soil profiles were collected using a hand-auger to bore vertically into the ECC
stringer body. This method was employed due to the lack of exposed stratigraphy of the
landform at our study site. Soil material was extracted using the hand auger and placed on a
plastic tube on the surface. Each bucket of soil material extracted using the hand auger was
placed in sequence of extraction to preserve a vertical profile (Photo courtesy of Dr. Mark
Bowen, November 2019).
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Chapter 3
3.0. Results: Introduction
The following sections outline the results of: 1) our remote mapping of sand stringer
distribution, orientation, and confidence criteria scores from six counties in western Wisconsin,
and nine counties of southeastern Minnesota (Figure 11), 2) OSL dates collected from ECC,
DS1, Flanders, and Stienke sand stringers (Figure 17), 3) soil stratigraphy observed in five soil
profiles collected from the ECC sand stringer, and 4) ground penetrating radar data collected
from the ECC sand stringer.

3.1. Remote Mapping
Our remote mapping identified 246 potential sand stringers in 15 counties within western
Wisconsin and southeastern Minnesota (Table 7 and Figure 36). Of the 246 potential sand
stringers, 198 were mapped in western Wisconsin, comprising 80% of all stringers identified in
both states. The greatest number of sand stringers mapped per county in Wisconsin are in Dunn
County, with a total of 64. Dunn County includes 32% of all sand stringers mapped in
Wisconsin, and 26% of the overall total (Figure 37). In southeastern Minnesota 48 potential sand
stringers were mapped, representing 20% of all potential stringers mapped in both states. The
greatest number of stringer mapped per county in Minnesota are in Fillmore County. In Fillmore
County, 17 sand stringers were mapped, totaling 35% of the stringers mapped in Minnesota, and
7% of the overall total (Figure 38).
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Table 7. Through our remote mapping methodology we: 1) determined the distribution, 2)
applied a CCS, and 3) calculated the orientation of potential sand stringers in six counties of
western Wisconsin, and nine counties in southeastern Minnesota. In both western Wisconsin
and southeastern Minnesota, 246 potential sand stringers were mapped. The greatest
frequency CCS for both states is 2. The second most frequent CCS is 7. In both states, 224 of
the 246 potential stringers are orientated WNW-ESE. The other orientations mapped are
WSW-ENE (20 stringers) and NNW-SSE (2 stringers).

County
Buffalo
Chippewa
Dunn
Pepin
Pierce
Eau
Claire
Totals
WI
Dakota
Dodge
Fillmore
Goodhue
Mower
Olmsted
Winona
Wabasha
Houston
Totals
MN
Total
Overall

State
WI
WI
WI
WI
WI
WI

MN
MN
MN
MN
MN
MN
MN
MN
MN

Total
Stringers
26
13
64
17
48

CCS-1
0
2
3
0
0

CCS2
21
9
30
15
38

CCS5
0
0
0
0
0

CCS6
0
0
18
0
0

CCS7
5
2
12
2
10

CCS12
0
0
0
0
0

CCS27
0
0
1
0
0

WNWESE
23
11
60
15
41

WSWENE
3
2
4
2
7

NNWSSE
0
0
0
0
0

30

0

19

0

0

10

0

1

28

2

0

198

5

132

0

18

41

0

2

178

20

0

7
3
17
11
2
5
3
0
0

0
0
0
0
0
0
0
0
0

3
1
0
0
2
2
0
0
0

0
0
0
0
0
2
3
0
0

0
0
7
0
0
1
0
0
0

4
2
10
10
0
0
0
0
0

0
0
0
1
0
0
0
0
0

0
0
0
0
0
0
0
0
0

6
3
17
10
2
5
3
0
0

0
0
0
0
0
0
0
0
0

1
0
0
1
0
0
0
0
0

48

0

8

5

8

26

1

0

46

0

2

246

5

140

5

26

67

1

2

224

20

2
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Figure 36. We mapped 246 potential sand stringers in western
Wisconsin and southeastern Minnesota. In western Wisconsin 198 sand
stringers were mapped, with Dunn, Eau Claire, and Pierce counties
containing the greatest amount of stringers. In southeastern Minnesota
48 sand stringers were mapped, with Fillmore and Goodhue counties
containing the greatest amount of stringers.
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Sand Stringer Distribution in Western
Wisconsin
70

# of Sand Stringers
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Buffalo
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Dunn

Pepin

Pierce

Eau Claire

Wisconsin Counties
Figure 37. In western Wisconsin 198 potential sand stringers were mapped. The counties
with the greatest number of sand stringers are Dunn, Pierce, and Eau Claire. The counties
with the least number of sand stringers are Chippewa, Pepin, and Buffalo.
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Sand Stringer Distribution in Southeastern
Minnesota
18

# of Sand Stringers

16
14
12
10
8
6
4
2
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Minnesota Counties

Figure 38. In southeastern Minnesota 48 potential sand stringers were mapped. The
counties with the greatest number of sand stringers are Fillmore, Goodhue, and Dakota. The
counties with the least number of sand stringers are Winona, Mower, Wabasha, and
Houston.
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The most frequent CCS in western Wisconsin and southeastern Minnesota is 2, consisting
of 139 of the 246 sand stringers mapped (Figure 39 and Table 7 and 8). The second most
frequent CCS is 7, consisting of 63 of the total stringers mapped. In western Wisconsin, the most
frequent CCS is also 2, consisting of 132 of the 198 sand stringers (67%) (Table 7). The second
most frequent CCS is 7 for western Wisconsin, making up 19% of the total sand stringers
mapped. In southeastern Minnesota the most frequent CCS is 7, consisting of 26 of the total 48
sand stringers. The second most frequent CCS is 6, consisting of 8 of the total stringers (Table
7).

Confidence Criteria Scores for Wisconsin and
Minnesota
160

# of Sand Stringers

140
120
100
80
60
40
20
0
CCS-1

CCS-2

CCS-5

CCS-6

CCS-7

CCS-12

CCS-27

Confidence Criteria Scores

Figure 39. A CCS was assigned to each sand stringer mapped in western Wisconsin and
southeastern Minnesota to address the uncertainty in our remote mapping methodology.
The most frequent CCS’s for both states are 2 and 7, consisting of 202 of the 246 stringers
mapped.
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Table 8. A CCS was assigned to each sand stringer mapped to assess potential uncertainty in
our remote mapping. CCS variables include aerial imagery, SSURGO data, surficial geologic
maps, and field verification. The CCS is the sum of point(s) that were assigned to each
variable. Soil texture and parent material variables are each 1 point. Aerial imagery and
surficial geology are each 5 points. Field verification is 20 points.

Confidence Variables

Possible CCS’s

Soil Texture OR Parent
Material

1

Soil Texture AND Parent
Material
Aerial Imagery OR Surficial
Geology
Aerial Imagery OR Surficial
Geology AND Soil Texture OR
Parent Material
Aerial Imagery OR Surficial
Geology AND Soil Texture
AND Parent Material
Aerial Imagery AND Surficial
Geology AND Soil Texture
AND Parent Material
Field Verification AND Aerial
Imagery OR Surficial Geology
AND Soil Texture AND Parent
Material
Field Verification AND Aerial
Imagery AND Surficial
Geology AND Soil Texture
AND Parent Material

2
5
6
7
12
27

32
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Of the 246 potential sand stringers mapped in western Wisconsin and southeastern
Minnesota, 224 (91%) are orientated WNW-ESE, 20 are orientated WSW-ENE, and 2 are
orientated NNW-SSE (Figure 40, Table 7). Of the 198 sand stringers mapped in western
Wisconsin, 178 (90%) are orientated WNW-ESE, and 20 (10%) are oriented WSW-ENE (Table
7). Of the 48 sand stringers mapped in southeastern Minnesota, 46 (96%) are orientated WNWESE, and 2 (4%) are orientated NNW-SSE (Table 7).

Sand Stringer Orientation Wisconsin and Minnesota
250

# of Sand Stringers

200

150

100

50

0
WNW-ESE

WSW-ENE

NNW-SSE

Orientation

Figure 40. Of the 246 potential sand stringers mapped in western Wisconsin
and southeastern Minnesota, 224 (91%) are orientated WNW-ESE, 20 are
orientated WSW-ENE, and 2 are orientated NNW-SSE.
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3.2. Optically Stimulated Luminescence Dating
Four OSL samples were collected from ECC sand stringer (Figure 19, Table 8). Sample
USU-3024, collected at a depth of 1.45 m from the SE portion of the stringer, returned an age of
8.86 ± 1.4 ka. Samples USU-3025, USU-3026, and USU-3027, gathered at depths of 1.53 m,
2.42 m, and 2.75 m from the northwest end of the stringer, returned ages of 11.18 ± 1.45, 9.87 ±
1.26, and 11.25 ± 1.71 ka. Two OSL samples were collected from the center and crest of the
Stienke stringer (Table 8). Samples USU-2752 and 2753 were collected from a single vertical
core at 2 and 2.5 m in depth. These samples returned ages of 11.53 ± 2.25 and 11.34 ± 1.33 ka. A
single sample was collected from the crest of the Flanders stringer at a depth of 2 m. This sample
(USU-2754) returned an age of 10.79 ± 1.32 ka. A single sample was collected from the crest of
the DS1 sand stringer at a depth of 2 m. This sample (USU-2755) returned an age of 12.94 ±
1.71 ka.
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Table 9. OSL samples were collected from four sand stringers in Dunn and Eau Claire
counties, WI. Samples were collected from >1 m in depth, and returned ages from ~8.912.9 ka).

Sand Stringer

Sample Number

Depth (m)

OSL Age (ka)

StienkeLinear1

USU-2752

2

11.53 ± 2.25

StienkeLinear2

USU-2753

2.5

11.34 ± 1.33

Flanders Dune

USU-2754

2

10.79 ± 1.32

DS1

USU-2755

2

12.94 ± 1.71

Eau Claire-2019-03

USU-3024

1.45

8.86 ± 1.40

Eau Claire-2019-04

USU-3025

1.53

11.17 ± 1.64

Eau Claire-2019-05

USU-3026

2.42

9.87 ± 1.26

Eau Claire-2019-06

USU-3027

2.75

11.25 ± 1.71
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3.3. Ground Penetrating Radar
Three GPR profiles were collected from ECC sand stringer (Figure 22). Two transects
were collected using the 200 and 500 MHz antennae longitudinally across the sand stringer body
(100 m). A single transect was collected with the 200 MHz antennae perpendicularly across the
sand stringer body (75 m) as well. Objective descriptions of reflection facies were used to
describe the reflections observed in the GPR profiles (Figure 41) based off the terminology of
Magalhaes et al. (2017).

Figure 41. To objectively describe the reflections observed in our GPR profiles, we
used terminology of Magalhaes et al. (2017). Groups of reflections are “facies.” The
reflection facies highlighted blue in images “A” are described as sub-continuous
and oblique. The reflection facies highlighted red in images “B” are described as
continuous, parallel, and undulating. These are the two types of reflection facies that
we observed within our GPR profiles.
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3.3.1. 200 MHz Profiles
The longitudinal transect (100 m) collected using the 200 MHz antennae provides depth
of penetration to ~3 m. Reflections are observed to a depth of ~2 m. Two distinguishable
reflection facies are noticeable within the profile (Figure 42). From 0-12 m (length along the 100
m transect) the reflections are continuous, parallel, and slightly undulating. From 12-20 m the
reflections are sub-continuous and oblique. From 20-38 m the reflections are continuous,
parallel, and slightly undulating. From 38-60 m the reflections are sub-continuous and oblique
from 0-1 m in depth, and from 1-2 in depth the reflections are continuous, parallel, and slightly
undulating. From 60-86 m the reflections are sub-continuous and oblique from 0-0.5 m in depth,
and from 0.5-2m in depth the reflections are continuous, parallel, and undulating. From 86-100
m the reflections are continuous, parallel, and undulating.
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Figure 42. The longitudinal (100 m) GPR profile collected with 200 MHz antennae.
Reflections are observed to a depth of ~2 m and two distinguishable reflection facies are
noticeable within the profile. The reflections highlighted red are continuous, parallel,
undulating reflections. The reflections highlighted blue are sub-continuous and oblique
reflections.

The perpendicular transect (75 m) collected using the 200 MHz antennae provides depth
of penetration to ~3 m. Reflections are observed to a depth of ~2 m. Two distinguishable
reflection facies are noticeable within this profile (Figure 43). From 0-12 m (length along the 75
m transect) the reflections are sub-continuous and oblique. From 12-22 m the reflections are
continuous, parallel, and undulating. From 22-60 m the reflections are sub-continuous and
oblique from 0-0.5 m in depth, and from 0.5-2 m in depth the reflections are continuous, parallel,
and undulating. From 60-75 m the reflections are continuous, parallel, and undulating.
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Figure 43. The perpendicular (75 m) GPR profile collected with 200 MHz
antennae. Reflections are observed to a depth of ~2 m and two distinguishable
reflection facies are noticeable within this profile. The reflections highlighted red
are continuous, parallel, undulating reflections. The reflections highlighted blue
are sub-continuous and oblique reflections.

3.3.2 500 MHz profile
The 100 m GPR profile collected with the 500 MHz antennae did not produce quality
data that could be used for interpretation of sand stringer formation due to user error during data
collection. During the survey some data points were not recorded by the receiving antenna due to
an inconsistent towing speed of the antennae across the sand stringer surface. Missing data points
produced a GPR profile with disturbed reflection facies that would not allow for an accurate
interpretation of the landforms internal structure.
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3.3.3 Three-Dimensional Grid
The three-dimensional (3-D) grid was unable to be collected due to complications with
out-of-state travel. The grid would have provided a 3-D model of the sedimentological structure
of the ECC sand stringer. The model would have allowed us to interpret the sand stringers 3-D
geometry to aid in creating a process-model of its formation. Two-dimensional models provide a
“slice” of the sedimentological structure, and do not provide an accurate understanding of the
structures 3-D geometry. In addition, the 3-D model would have also allowed for interpretation
of the formational wind direction(s) that two-dimensional (2-D) GPR profiles cannot accurately
provide. For example, any oblique angle slip faces that could have been used in interpreting
transport direction(s) in the sand stringer cannot be assessed with two 2-D profiles.
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3.4. Soil Stratigraphy
Five soil profiles were collected from five hillslope positions across the ECC stringer.
The south base profile consisted of Ap-A2-BA-B-2BC-2C1-2C2-3C1-3C2 horizonation (Figure
44, Table 10). The A horizons are composed of silt loam to loam and extend from 0-36 cm.
Color is dark brown (7.5 YR 3/2), and consistence is friable with moderate, fine, sub-angular
blocky peds.

Figure 44. Five soil auger profiles were collected from five hillslope
positions along the ECC stringer. The auger profiles were collected along
the perpendicular GPR transect so the composition could be correlated to
the structure seen in the GPR profiles.
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Table 10. Soil auger profile description for the south base of the ECC sand
stringer.

Horizon

Depth (cm)

Moist Color

Structure
(grade/size/type)

Roots and Pores
(Quant./size/location)

Rock and Other Fragments
(kind/size/%vol./roundness)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

1

Ap

0-14

7.5YR 3/2

Moderate, fine,
sbk

2

A2

14-36

7.5YR 3/2

Moderate, sbk

3

BA

36-54

7.5YR 4/4

Strong, sbk

4

B

54-83

10YR 4/6

Weak, sbk

5

2BC

83-100

7.5YR 5/6

Weak, sbk

6

2C1

100-113

7.5YR 4/44/6

Structureless

7

2C2

113-131

10YR 5/4

Structureless

8

3C1

131-154

10YR 5/4-6/4

Structureless

9

3C2

154-210

10YR 5/4

Structureless

Horizon

Boundary
(Distinctness)

Consistence

1

Ap

Gradual

Friable

Silt loam/loam

2

A2

Gradual

Friable

Loam

3

BA

Gradual

Friable

Silty clay loam

4

B

Clear

Friable

Silty clay loam

5

2BC

Clear

Loose

Sandy clay loam

Redox features

6

2C1

Clear

Loose

Loamy sand

Rubification

7

2C2

Diffuse

Loose

Loamy sand

8

3C1

Diffuse

Loose

Loamy sand

Outwash

9

3C2

Loose

Loamy sand

Outwash, Rubification

Hand Texture

Misc. Notes (e.g., redox features, concentrations,
etc.)
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Distinctness of the A horizon boundaries is gradual. The B horizons consist of silty clay
loam to sandy clay loam and extend from 36-100 cm. Color shifts from brown (7.5 YR 4/4) to
strong brown (10 YR 4/6). Consistence is friable with strong to weak sub-angular blocky peds.
Redoximorphic features are noticeable in the 2BC horizon and persist to the bottom of the
profile. Boundary distinctness for the B horizons is clear. The C horizons contain loamy sand
and extend from 100-210 cm. Color is consistently brown (7.5 YR 4/4) to yellowish brown (10
YR 5/4), and peds are structureless with loose consistence. Boundary distinctness for the C
horizons are diffuse.
The south slope profile consists of Ap-A-2Bw-2BC-2C-2C2-2C3-2Cg-3Cg-3C
horizonation (Figure 44, Table 11). The A horizons are composed of sandy loam and extend
from 0-41 cm. Color is consistently dark brown (7.5 YR 3/2). Consistence is friable with
granular to fine sub-angular blocky peds. Boundary distinctness for the A horizons are diffuse to
gradual. The B horizons contain loamy sand/sand and extend from 41-72 cm. Color of the
horizons are brown (7.5 YR 4/3). Consistence is friable with weak to very weak sub-angular
blocky peds. Boundary distinctness is gradual for the B horizons. The C horizons have multiple
textures consisting of loamy sand, sandy loam, silty sand, and sandy clay. Color is relatively
consistent with minor changes in hue that shift from brown to strong brown (7.5 YR 4/6, 4/4).
The C horizons are structureless, and consistence is loose. Boundary distinctness transitions from
clear for the upper C horizons to gradual for the lower C horizons. There is a 3 cm clay lens at
the base of 2CG horizon.
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Table 11. Soil auger profile description for the south slope of the ECC
sand stringer.

Horizon

Depth (cm)

Moist Color

Structure
(grade/size/type)

Roots and Pores
(Quant./size/location)

Rock and Other Fragments
(kind/size/%vol./roundness)

1

Ap

0-19

7.5YR 3/2

Granular to fine, sbk

NA

NA

2

A

19-41

7.5YR 4/3

Granular to fine, sbk

NA

NA

3

2Bw

41-56

7.5YR 4/3

Weak, sbk

NA

NA

4

2BC

56-72

7.5YR 4/3

Very weak, sbk

NA

NA

5

2C

72-95

7.5YR 4/4

Structureless

NA

NA

6

NA

95-111

7.5YR 3/3

Structureless to
weak, sbk

NA

2C2

7

2C3

111-150

7.5YR 4/6

Structureless

NA

NA

8

2Cg

150-183

7.5YR 4/4

Structureless

NA

NA

9

3Cg

183-236

7.5YR 4/6

Structureless

NA

NA

3C

236-269

7.5YR 4/6

Structureless

NA

NA

Horizon

Boundary
(Distinctness)

Consistence

1

Ap

Diffuse

Friable

Sandy loam

2

A

Gradual

Friable

Sandy loam

3

2Bw

Gradual

Friable

Loamy sand

4

2BC

Gradual

Friable

Sand

5

2C

Clear

Loose

Loamy sand

6

2C2

Clear

Loose

Sandy loam

7

2C3

Gradual

Loose

Silty sand

8

2Cg

Gradual

Loose

Sandy clay

3cm clay lense at base

9

3Cg

Clear

Loose

Coarse sand

Redox

Loose

Coarse sand

Redox

10

10

3C

Hand Texture

Misc. Notes (e.g., redox features, concentrations,
etc.)
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The crest profile consists of Ap-C1-C2-C3-C4-C5-2C horizonation (Figure 44, Table 12).
The A horizon is composed of sandy loam and extends from 0-26 cm. Color is brown (7.5 YR
5/3), and consistence is friable with strong, fine to medium, sub-angular blocky peds. Boundary
distinctness from the A to C1 horizon is clear. The C horizons contain sand, loam, and coarse
sand, and extend from 26-260 cm. The C horizon colors are variable, with dark yellowish brown
(10 YR 4/6) at the top of the profile and transitions to strong brown (7.5 YR 5/6), yellowish
brown (10 YR 5/6), strong brown (7.5 YR 5/6) again, and brownish yellow (10 YR 6/6) with
depth. Consistence is loose to friable with structureless to sub-angular blocky peds. Horizon
boundaries for the C horizons are clear.
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Table 12. Soil auger profile description for the crest of the Eau Claire sand stringer.

Horizon

Depth (cm)

Moist Color

Structure
(grade/size/type)

Roots and Pores
(Quant./size/location)

Rock and Other Fragments
(kind/size/%vol./roundness)
NA

Ap

0-26

10YR 5/3

Strong, fine to
medium, sbk

NA

1

NA

C1

26-81

10YR 4/6

Structureless to
weak, sbk

NA

2

NA

C2

81-94

10YR 4/6

Structureless to
weak, sbk

NA

3

NA

C3

94-147

7.5YR 5/6

Structureless to
weak, sbk

NA

4

NA

C4

147-166

10YR 5/6

Structureless to
weak, sbk

NA

5

NA

C5’

166-210

7.5YR 5/6

Structureless to
weak, sbk

NA

6
7

2C

210-260

10YR 6/6

Structureless

NA

NA

Horizon

Boundary
(Distinctness)

Consistence

1

Ap

Clear

Friable

Sandy loam

2

C1

Clear

Loose

Sand

3

C2

Gradual

Loose

Sand

4

C3

Clear

Friable

Loamy sand

5

C4

Clear

Loose

Sand

6

C5’

Clear

Friable

Loamy sand

Recurrence of C3

7

2C

Loose

Coarse sand

Outwash, lg gravel

Hand Texture

Misc. Notes (e.g., redox features, concentrations,
etc.)

The north slope profile consists of Ap-A-BC-C-2Cg-3C1-3C2 horizonation (Figure 44,
Table 13). The A horizons are composed of sandy loamy and extend from 0-44 cm. Color is dark
brown (7.5 YR 3/2), and consistence is friable to loose with weak sub-angular blocky peds.
Distinctness of the A horizon boundaries is diffuse. The BC horizon contains sandy loam and
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extends from 44-70 cm. Color is brown (7.5 YR 4/3), and consistence is friable to loose with
weak sub-angular blocky peds. Boundary distinctness of the BC horizon is diffuse. The C
horizons consist of sand, sandy clay loam, and coarse sand. Color for the three C horizons is
strong brown (7.5 YR 5/6), consistence is loose, and they are structureless. Boundary
distinctness of the C horizons are clear to diffuse.

Table 13. Soil auger profile description for the north slope of the ECC sand stringer.

Horizon

Depth (cm)

Moist Color

Structure
(grade/size/type)

Roots and Pores
(Quant./size/location)

Rock and Other Fragments
(kind/size/%vol./roundness)
NA

Ap

0-16

7.5YR 3/2

Weak, granular
to sbk

NA

1
2

A

16-44

7.5YR 3/2

Weak, sbk

NA

NA

3

BC

44-70

7.5YR 4/3

Weak, sbk

NA

NA

4

C

70-109

7.5YR 4/4

Structureless

NA

NA

5

2Cg

109-121

7.5YR 4/6

Structureless

NA

NA

6

3C1

121-180

7.5YR 5/6

Structureless

NA

NA

7

3C2

180-200

7.5YR 4/6

Structureless

NA

NA

Horizon

Boundary
(Distinctness)

Consistence

1

Ap

Diffuse

Friable

Sandy loam

2

A

Diffuse

Friable –
loose

Sandy loam

3

BC

Diffuse

Friable –
loose

Sandy loam

4

C

Clear

Loose

Sand

5

2Cg

Clear

Friable –
loose

Sandy clay loam

6

3C1

Diffuse

7

3C2

Hand Texture

Misc. Notes (e.g., redox features, concentrations,
etc.)
NA
NA
NA
NA
NA

Loose

Coarse sand

NA

Loose

Coarse sand

NA
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The north base profile consists of Ap-A-B-2C-3C2-3C3-3C4-3C5-3C6 horizonation
(Figure 44, Table 14). The A horizons are composed of dark brown (7.5 YR 3/2) sandy loam and
extend from 0-47 cm. Consistence is friable with moderate, coarse, sub-angular blocky peds.
Boundary distinctness is gradual to clear. The B horizon contains sandy clay loam and extends
from 47-71 cm. Color is strong brown (10 YR 4/6), consistence is loose, and the structure is
structureless. Boundary distinctness is gradual for the B horizons. The C horizons consist of sand
and extend from 114-199 cm. Color is strong brown (7.5 YR4/6), the consistence is loose and
lacks structure. Boundary distinctness for the C horizons is clear.
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Table 14. Soil auger profile description for the north base of the ECC sand
stringer.

Horizon

Depth (cm)

Moist Color

Structure
(grade/size/type)

Roots and Pores
(Quant./size/location)

Rock and Other Fragments
(kind/size/%vol./roundness)
NA

Ap

0-20

7.5YR 3/2

Moderate,
coarse, sbk

NA

1

NA

A

20-47

7.5YR 3/2

Moderate,
coarse, sbk

NA

2

NA

1B

47-71

7.5YR 4/4

Moderate,
coarse, sbk

NA

3
4

2C

71-114

10YR 4/6

Structureless

NA

NA

5

3C2

114-135

7.5YR 4/6

Structureless

NA

NA

6

3C3

135-150

7.5YR 4/6

Structureless

NA

NA

7

3C4

150-158

7.5YR 4/6

Structureless

NA

NA

8

3C5

158-178

10YR 4/6

Structureless

NA

NA

9

3C6

178-199

7.5YR 4/6

Structureless

NA

NA

Horizon

Boundary
(Distinctness)

Consistence

1

Ap

Gradual

Friable

Sandy loam

NA

2

A

Clear

Friable

Sandy loam

NA

3

1B

Clear

Friable

Sandy clay loam

NA

4

2C

Gradual

Loose

Sand

NA

5

3C2

Gradual

Loose

Sand

NA

6

3C3

Clear

Loose

Sand

NA

7

3C4

Clear

Loose

Sand

NA

8

3C5

Clear

Loose

Sand

NA

9

3C6

Loose

Sand

NA

Hand Texture

Misc. Notes (e.g., redox features, concentrations,
etc.)
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Chapter 4

4.0 Discussion
The overarching goal of this thesis is to contribute to sand stringer research in the western
Great Lakes region (Figure 1), particularly within southeastern Minnesota and western
Wisconsin. Previous research has identified and mapped their spatial distribution (Zanner 1999;
Koch 2004; Schaetzl et al. 2018; Millet et al. 2018; Marcou et al. 2019), examined and described
their sedimentary composition (Zanner 1999), and estimated their absolute age using
thermoluminescence (Zanner 1999). However, Zanner (1999) is the only study thus far to
provide a hypothesis regarding the paleoenvironmental significance of sand stringers, which is
primarily based on excavation of a single sand stringer in southeastern Minnesota. Additional
absolute geochronologic and sedimentologic data are needed from a greater distribution of sand
stringers to aid in further understanding paleowinds, sand stringer genesis, and
paleoenvironmental conditions during stringer formation and evolution. For this research I: 1)
utilize remote and field-based mapping methods to identify the sand stringer distribution in
western Wisconsin and southeastern Minnesota (Figure 11), 2) provide absolute age estimates
for deposition of four sand stringers in western Wisconsin by utilizing optically stimulated
luminescence dating techniques, 3) examine and describe the composition of a single sand
stringer in Eau Claire County, WI (Figure 16), and 4) collect and interpret GPR data from the
Eau Claire County sand stringer to identify depositional structures and to interpret sand stringer
formational process(es). These methods were implemented to address the following specific
research questions:
1) What is the spatial distribution and orientation of sand stringers beyond the last glacial
maximum ice margin in southeastern Minnesota and western Wisconsin?
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2) What is the geomorphology and depositional chronology of sand stringers in this region?
3) Does the Zanner (1999) hypothesis for sand stringer formation and paleoclimatic
significance apply to the stringers in western Wisconsin?

4.1. Spatial Distribution and Orientation
We identified 248 potential sand stringers across our study area (Figure 36). However,
due to our conservative approach to mapping, there may be more sand stringers within the study
area. Significantly more sand stringers were mapped in western Wisconsin (198) than
southeastern Minnesota (48) (Table 7). I hypothesize this contrast may be due to differences in
the supply of sediment to the areas. Our study area in western Wisconsin contains large glacial
outwash plains and sand sheets (Syverson 2007; Schaetzl et al. 2018). Both of these landforms
contain an abundance of sand, and stringers are associated to form with sand sheets (McKee
1979; Breed and Grow 1979). In our study area in southeastern Minnesota, the upwind landscape
consists of an erosion surface of eroded glacial till that contains more fine grained sediment
(Figure 11) (Mason et al. 1999; Zanner 1999).
The counties with the greatest amount of sand stringers in western Wisconsin are Dunn,
Eau Claire, and Pierce counties (Figure 37). In Dunn and Eau Claire counties, sand stringers are
found on stoss and lee sides of hills and on relatively flat plains (Figure 45). In Pierce County,
sand stringers are clustered on uplands adjacent to the Mississippi River valley (Figure 45). The
counties with the least number of stringers are Chippewa and Pepin (Figure 37). Chippewa
County has sand stringers located on the stoss and lee sides of hills (Figure 46). In Pepin County,
sand stringers are found on relatively flat plains near tributaries of the Chippewa River, and on
uplands close to the Mississippi River Valley (Figure 46).
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A

B

C

Figure 45. Eau Claire (image “A”), Dunn (image “B”), and Pierce (image “C”)
counties, WI have the most sand stringers per county. Sand stringers mapped in these
counties are found on flat open uplands (“A” and “C”), and on the stoss and lee sides
of bedrock hills (“B”).

A

B

Figure 46. Chippewa (image “A”) and Pepin (image “B”) counties, WI have the least
number of sand stringers per county. Sand stringers mapped in these counties are found
on the stoss and lee of bedrock hills (“A”), and flat plains near streams (“B”).
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In southeastern Minnesota, the counties with the greatest number of sand stringers
(Fillmore and Goodhue), have stringers on the uplands near river systems (Figure 38 and 47).
The county with the least number of sand stringers (Winona) has stringers on river terraces close
to the Mississippi River Valley (Figure 48).

A

B

Figure 47. Fillmore (image “A” and Goodhue (image “B”) have the most sand
stringers per county in southeastern Minnesota. Sand stringers in these counties are
found on the uplands of river systems.
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Figure 48. Winona County has the least number of sand stringers per county in
southeastern Minnesota. Sand stringers in this county are mapped on stream terraces
near the Mississippi River valley.
I hypothesize fetch and sediment supply are potential controls on the distribution of sand
stringers. Most of the sand stringers in our study area were mapped in flat and open landscape
positions. These positions promote greater fetch, thus facilitating aeolian processes (Pye and
Tsoar 2008). However, sand stringers were also mapped on the stoss and lee sides of bedrock
uplands. Further research is necessary to understand why sand stringers occur in these landscape
positions. Proximity to sediment sources likely controlled the sand stringer distribution as well.
Previous research suggests glacial outwash and till plains were common sediment sources for
aeolian deposits in our study area (Mason et al. 1994; Mason et al. 1999; Zanner 1999; Syverson
2007; Schaetzl et al. 2018). Sand stringers were likely supplied by outwash plains and till plains
as both southeastern Minnesota are western Wisconsin contain an abundance of these deposits
(Weidman 1911; Farnham 1958; Thomas 1962; Wing and Murray 1975; Poch 1976; Hobbs and
Goebel 1982; Carlson 1989; Hobbs 1995; Thomas 1977; Meyer and Knaeble 1998; Meyer

106

2004). Floodplains were likely another sediment source. Our regional mapping found all sand
stringers are within 0.1-5 km of a stream (Figure 49).

Figure 49. Proximity to sediment sources is a possible control on the sand stringer
distribution in our study area. Glacial outwash plains and till plains are common
sediment sources for aeolian deposits in this region (Mason et al. 1994; Mason et al.
1999; Zanner 1999; Syverson 2007; Schaetzl et al. 2018). I hypothesize that
floodplains were likely another sediment source for sand stringers as our regional
mapping found all sand stringers were within 0.1-5 km of a stream.
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Human error during the remote mapping may have also created differences in the sand
stringer distribution by county. It is possible that potential sand stringers could have been
overlooked when mapping their morphology using LiDAR data. It is also possible that the
number of sand stringers per county are overestimated. The greatest frequency CCS is 2 for
western Wisconsin and southeastern Minnesota. The score of 2 applies to 139 of the 246
stringers mapped (~56%) (Figure 39), and indicates the landform mapped in LiDAR are within
the correct soil texture and parent material. The score of 2 also indicates the landforms mapped
were not noticeable in aerial imagery, mapped in correct surficial geologic material, or fieldverified. Therefore, there is relatively low confidence that ~56% of the sand stringers mapped are
actual sand stringers.
The majority of sand stringers mapped in our study area have a WNW-ESE orientation (~91
%) (Figure 40). Aeolian deposits in this region are suggested to have been formed by
westerly/northwesterly winds (Zanner 1999; Rawling et al. 2008; Mason 2015; Schaetzl et al.
2018). It is not possible to determine whether northwest winds or southeast winds formed sand
stringers without further GPR analysis to investigate the internal structure within sand stringers.
However, given prior literature (McKee, 1979; Zanner, 1999; Koch, 2004; Schaetzl et al. 2018),
it is suggested that the WNW-ESE orientation is indicative of a WNW wind regime. It can be
inferred that the potential sand stringers mapped were likely formed by northwesterly winds
based on their orientation and previous studies.
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4.2. Geomorphology and Depositional Chronology of Sand Stringers
We identified two stratigraphic units within the ECC stringer (lower and middle) and
unknown upper material through our soil descriptions (Figure 44). The lower unit (114-269 cm
below the surface) consists of coarse, poorly sorted sand, and rounded gravel. The middle unit
(26-210 cm) consists of well sorted fine grained quartz sand. The upper material, near the surface
of the sand stringer (0-109 cm), consists of different textured sediments (sandy and silt loam
soils) that are of unknown origin.
The lower unit is hypothesized to be glacial outwash based on its composition of coarse
poorly-sorted sand, rounded gravel, and lack of finer material implying fluvial transportation
(Syverson and Colgan 2011) (Figure 50). Based on the lowermost OSL age (USU-3027)
gathered from the overlying middle unit, I hypothesize that the glacial outwash was deposited
prior to this age (11.3 ± 1.71 ka) in the Late Pleistocene (Table 9). Previous geomorphic and
paleovegetation studies indicate the environment was cold and dry prior to 11.3 ka (Stokes et al.
1999; Birks 2001; Clayton et al. 2001; Mason et al. 2007; Muhs et al. 2008; Mason et al. 2011;
Bowen and Johnson 2012;). Evidence includes: 1) extensive loess deposition across the Great
Plains (Thompson et al. 1995; Mahoweld et al. 1999; Muhs et al. 2001; Wang et al. 2003; Mason
et al. 2007; Muhs et al. 2008; Bowen and Johnson 2012), 2) sand dune activity in Nebraska sand
hills (17-14 ka) (Stokes et al. 1999; Goble et al. 2004; Mason et al. 2011), 3) permafrost cover
and periglacial features in Wisconsin and Minnesota (25-14 ka) (Pewe 1983; Nater 1992;
Clayton et al. 2001), and tundra vegetation in Minnesota (Jacobson et al. 1987; Birks 2001).
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Figure 50. We described five soil auger profiles that were collected from five hillslope
positions along the ECC stringer. We identified two stratigraphic units (lower and upper)
and upper material with an unknown origin through our soil descriptions. The red lines in
the image mark the boundaries between the stratigraphic boundaries observed in our soil
auger profiles. The lower unit is interpreted as glacial outwash based on its composition of
coarse poorly-sorted sand, rounded gravel, and lack of finer material implying fluvial
transportation (Syverson and Colgan 2011). The middle unit is interpreted as aeolian sand
based on the fine-grained and well-sorted quartz sand. The sorting and grain size of the
sediment is characteristic of aeolian deposits and is a suitable size for aeolian
transportation (Pye and Tsoar 2008). We are unsure if the upper material is a different
stratigraphic unit, or a continuation of the sandy aeolian unit beneath with an increasing
amount of finer sediment. Silt content increases slightly near the top of the sand stringer
stratigraphy, indicated by loam, sandy loam, and silty clay loam textures. Future work is
necessary to assess this material and determine its provenance (age control, particle size
analyses, magnetic susceptibility, geochemistry) (Sun et al. 2002; Tang et al. 2003).
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The middle unit is hypothesized to be aeolian sand based on the fine-grained and well-sorted
quartz sand. The sorting and grain size of the sediment is characteristic of aeolian deposits and is
a suitable size for aeolian transportation (Figure 50) (Pye and Tsoar 2008). Based on the OSL
ages gathered from this unit, indicating the minimum age of deposition, I hypothesize that the
aeolian sand was deposited ~11.3-8.9 ka (Table 9). These ages correspond to the Late
Pleistocene to Early Holocene, and OSL ages gathered from all stringer sites (Figure 17) roughly
correspond to the P-H transition (Table 8). Previous studies of aeolian deposits in Minnesota and
Wisconsin provide additional evidence of aeolian activity occurring during the end of the Late
Pleistocene to P-H transition (Zanner 1999; Rawling et al. 2008; Hanson 2015; Schaetzl et al.
2018). Regional warming was occurring during the P-H transition in Minnesota and Wisconsin,
evidenced permafrost melting and vegetation transitioning from tundra vegetation to spruce
woodland (Birks 2001; Clayton et al. 2001).
We are unsure if the upper material is a different stratigraphic unit, or a continuation of the
sandy aeolian unit beneath with an increasing amount of finer sediment (Figure 50). Silt content
increases slightly near the top of the sand stringer stratigraphy, indicated by loam, sandy loam,
and silty clay loam textures. Loess may have been deposited on a stable sand stringer surface
after it formed, and then been mixed into the underlying material. Loess could have also been
intermittently added during deposition of the aeolian sand unit, or towards the end of the
deposition of the sand unit. Future work is necessary to assess this material and determine its
provenance (age control, particle size analyses, magnetic susceptibility, geochemistry) (Sun et al.
2002; Tang et al. 2003).
The two GPR profiles collected with the 200 MHz antennae consisted of horizontal and
undulating reflections (Figure 42 and 43). I hypothesize the reflections represent the aeolian sand
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unit based on the depth of the unit determined during soil augering. The reflections are similar to
sand sheet stratigraphy, described as low to moderate angle (0-20 degrees) planar strata
(Fryberger et al. 1979; Pye and Tsoar 2008). McKee (1979) also suggests that sand stringers are
a type of sand sheet. A 3-D GPR grid would aid in further understanding the sedimentary
structure of the ECC stringer to build a process-model for its formation and determine formative
wind direction(s).

4.3. Zanner Hypothesis for Sand Stringer Formation and Paleoclimate
Zanner (1999) is the only previous study to investigate the internal sedimentology,
stratigraphy, and chronology of sand stringer deposition from a single deposit in southeastern
Minnesota (Canfield Creek stringer) (Figure 7). The Canfield Creek stringer was mapped by
Zanner (1999) using soil surveys, aerial imagery, and digital orthophotographs. However, when
viewing the location of this stringer using our county LiDAR data and aerial imagery, the
stringer morphology is not noticeable in either data source (Figure 51). It is possible the stringer
morphology may be noticeable in SSURGO data. I hypothesize the Canfield Creek sand stringer
is not distinguishable in our data sources because erosion and agricultural practices have
disrupted the landforms morphology. I believe the landform investigated by Zanner (1999) is a
sand stringer based on: 1) the morphology described from field investigations, 2) the
thermoluminescence ages roughly correspond to the OSL ages collected from western Wisconsin
sand stringers (Table 2 and 9), and 3) the soil descriptions and particle-size analyses suggest the
material is aeolian in origin (Zanner 1999).
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B

Figure 51. The Canfield Creek sand stringer, was mapped by Zanner (1999) using
soil surveys, aerial imagery, and digital orthophotographs in Fillmore County,
Minnesota, is not distinguishable in our county LiDAR data (Image “A”) or aerial
imagery (Image “B). I hypothesize the sand stringer is not noticeable in our data
sources because erosion and agricultural practices have disrupted the landforms
morphology.
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Sediment composing the Canfield Creek stringer body (Units 2 and 3) consists of alternating
layers of sand and silt, with predominantly sand towards the upper portion of unit 2 (Figure 8).
Composition of Units 2 and 3 are interpreted as representing periods of dry climatic
conditions that facilitated aeolian transportation and deposition (Zanner 1999). Alternating sand
and silt layers suggest seasonal or short climatic shifts occurred until sand transport became
dominant and persisted until the end of stringer deposition (Zanner 1999). The presence of the
Des Moines Lobe in southeastern Minnesota is interpreted to have controlled the supply of sand
and silt and influenced regional climate (Zanner 1999). Five thermoluminescence ages gathered
from unit 3 (Table 2) provided age estimates ranging from 14.7-11.2 ka (Zanner 1999). Although
thermoluminescence in not considered a reliable method for geomorphological studies (Noller et
al. 2000), the ages correspond to the Late Pleistocene deglacial chronology of the Des Moines
Lobe (Rittenour et al. 2015).
In comparison, the stratigraphy and sediments observed within the ECC stringer is more
simple than that observed by Zanner (1999). (Figure 51). The aeolian sand unit (Figure 50) that
comprises the body of the ECC sand stringer is fairly uniform in terms of grain size, mineralogy,
and sorting based on visual interpretation. Unlike the Canfield Creek sand stringer’s potential
ties to a retreating Des Moines Lobe, our ages suggest that the ECC stringer was deposited well
after the active ice from the Chippewa Lobe had vacated western Wisconsin (~13,000 yr BP,
Wayne and Guthrie 1993; Clayton et al. 2001; Syverson 2007). Thus, sand stringer deposition in
western Wisconsin was likely not tied to ice margin fluctuations.
Clayton et al. (2001) suggest permafrost vacated the study area in western Wisconsin and
southeastern Minnesota between ~13-12.3 ka (Figure 52).
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YBP

YBP

Figure 52. Relative dating by Clayton et al. (2001) suggests that permafrost had
retreated from our study area in western Wisconsin between 13,000 YBP and
12,300 YBP. We hypothesize that the exit of permafrost released sediment and
allowed for winds to entrain the sediment before the landscape had become too
warm/wet to allow for extensive vegetation to inhibit sediment transport (Modified
from Clayton et al. 2001).

Recent unpublished data suggest permafrost was present between ~18.61-13.73 ± 2.57 ka based
on five OSL dates from sand wedge casts near to the ECC stringer (Larson 2020). The OSL dates
presented from sand stringers within this thesis (~12.9 – 8.9 ka) suggest stringer deposition
began near the waning stages of or after permafrost had left this area. Therefore, I hypothesize
that the melting of permafrost released sediment locked up within vast outwash plains and on
hillslopes that make up much of this part of western Wisconsin (Syverson 2007; Faulkner et al.
2016). Subsequently, predominant WNW winds entrained now accessible sand and transported it
across this study area while climatic conditions were not yet warm/wet enough for the
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establishment of extensive vegetation that would inhibit such spatially extensive sediment
transport. In addition, give the time-transgressive retreat of permafrost as proposed by Clayton et
al. (2001), stringers may also record a correlated time-transgressive record of aeolian deposition.
Further dating of permafrost features and sand stringers would aide in testing this hypothesis,
though the margins of error may overlap enough that a time-transgressive signal would be
impossible to assess.
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Chapter 5
5.0. Conclusions
Subtle, linear, aeolian deposits termed “sand stringers” have been identified and
described throughout the western Great Lakes region beyond the margin of LGM (Zanner 1999;
Koch 2004; Schaetzl et al. 2018; Millett et al. 2018). Previous studies have attempted to map
their distribution, and to a minor extent examine their composition and absolute age (Zanner
1999; Koch 2004; Millett et al. 2018), but little is known of their geomorphic history and
depositional chronology. We built on prior research by determining their distribution,
orientation, morphology, composition, and depositional chronology. The following methods
were utilized: 1) GIS/remote sensing techniques to map and analyze the spatial distribution and
morphology of sand stringers; 2) ground penetrating radar (GPR) analysis, sediment augering,
and pedon descriptions to characterize stratigraphy; and 3) optically stimulated luminescence
dating (OSL) to constrain timing of sand stringer formation and evolution. The remote mapping
identified 246 potential stringers, with 91% orientated WNW-ESE. The sand stringer distribution
is likely controlled by fetch and proximity to sediment sources, and orientation and previous
studies suggest WNW winds formed sand stringers in our study area. OSL ages ranged from
~12.9 ka to ~8.9 ka and indicate deposition roughly corresponding to the P-H Transition. GPR
surveys identified sub-parallel and slightly undulating stratigraphy similar to that of sand sheets.
Soil augering revealed two distinct units consisting of a lower coarse sand unit interpreted as
glacial outwash, a middle unit of fine to medium sand interpreted as aeolian sand, and unknown
upper material composed of fine sand and silt.
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5.1. Future Studies
Due to out-of-state travel restrictions put in place by Minnesota State University,
Mankato for the COVID-19 pandemic, we were unable to collect additional GPR data in the
spring of 2020 from the ECC stringer. This additional data would have been used to create a 3-D
model of the sand stringers stratigraphy. The model would have allowed us to: 1) interpret the
sand stringers 3-D geometry to aid in creating a process-model of its formation, and 2) interpret
the formational wind direction(s) of the landform. I suggest that future researchers conduct this
survey on the ECC sand stringer, and a recently identified sand stringer in Goodhue County,
southeastern Minnesota, once the out-of-state travel ban is lifted. In addition, I recommend future
researchers conduct analyses including OSL dating, radiocarbon dating, particle size analysis,
magnetic susceptibility, X-ray fluorescence, and X-ray diffraction on both sand stringers. These
future surveys and analyses will further aid in understanding the composition and stratigraphy,
depositional chronology, formative wind regime(s), formative process(es), and
paleoenvironmental significance of sand stringers in the western Great Lakes region.
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